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Abstract
Because of their outstanding optoelectronic properties and low-cost, solution-based fabrication,
metal halide perovskites (MHP) are appealing candidates for a variety of applications, such as
photovoltaics, light-emitting diodes, photodetectors, and ionizing radiation detectors. However,
concerns of this material’s stability in pure or device-integrated form under external stimuli, such
as light, humidity, oxygen, and heat, have prohibited the widespread utilizations of MHPs. It is
well established that alloying can lessen detrimental effects of these factors. To date, a small
portion of alloyed compositions have been investigated compared to the thousands of possible
perovskites proposed theoretically. Conventional approaches to materials discovery and
optimization, involving the modification of a single compositional or synthesis variable, observing
the changes in functionalities, and making further improves, is incredibly inefficient in exploring
vast design spaces. Therefore, there is an increasing necessity for an efficient workflow for the
rapid synthesis, characterization, and exploration of MHPs via combinatorial synthesis in
combination with high-throughput measurements and machine learning approaches.
Here, we develop this workflow that utilizes chemical robotics, rapid high-throughput PL
measurements, and machine learning approaches, such as Gaussian process, to explore the intrinsic
stability of four triple cation lead halide perovskite systems in Chapter 2. In Error! Reference
source not found., we demonstrate the universality of this workflow to explore the intrinsic
stability of cesium lead halide quantum dots. As well, we incorporate another machine learning
technique, Bayesian inference, to describe the changes in photoluminescent properties across the
ternary compositional space. Next, we demonstrate how this workflow can also be utilized to
explore experimental parameters in Error! Reference source not found.. There, we investigate how
antisolvent engineering affects the intrinsic stability of binary MHP systems. Finally, we provide
an outlook for future studies utilizing similar workflows in Chapter 5.
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Chapter 1 Introduction
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1.1 Metal Halide Perovskites
In the past decade, metal halide perovskites (MHPs) have emerged as promising candidates for
low-cost photovoltaics1, light-emitting diodes2, 3, photodetectors4, and ionizing radiation sensors5.
Figure 1-1 illustrates the potential applications of MHPs. The variety of applications is due to their
relatively simple, low-cost solution synthesis and their unique spectrum of functional properties.
Historically, the term, “perovskite,” refers to the crystal structural of calcium titanate
(CaTiO3) and was named after Lev Perovski6. In the early 1980s, the first instances of MHPs,
specifically CH3NH3PbX3 (X = Cl, Br, and I), were studied; however, these investigations were
limited due to the lack of possible applications7. Then, in the 1990s, interest in the development of
MHPs for field effect transistors (FETs) and organic light-emitting diodes (OLEDs) was beginning
to increase8, 9. When Miyasaka’s group demonstrated how CH3NH3PbI3 could be utilized a light
absorber in a dye-sensitized solar cell (DSSC) in 2009, the potential of MHPs for energy-related
applications was finally realized10. Although the utilization of MHPs as a liquid electrolyte
produced solar cells with low power conversion efficiency (PCE) and with poor stability, this work
attracted immense attention and created the possibility of using MHPs in photovoltaic devices. A
few years later, the PCE of MHP solar cells leapt up to over 10%11. Since then, the PCE reported
in the literature has continued to increase12, partly due to an improved understanding of the
fundamentals of MHPs. Continued research interest has focused on furthering our fundamental
understanding of MHPs to improve both device performance and device stability for
commercialization.

1.1.1 Crystal Structure
3D metal halide perovskites (MHPs) are usually denoted by ABX3, where A and B are monovalent
and bivalent cations, and X is a monovalent anion6. In general, A is typically either an organic
cation, methylammonium (CH3NH3+ or MA+) or formamidinium (CH(NH2)2+ or FA+), or an
inorganic cation, such as cesium (Cs+). The bivalent cation is either lead (Pb+) or tin (Sn+). The
anion is a halide, such as chloride (Cl-), bromide (Br-), or iodide (I-). While the first and prototype
MHP is methylammonium lead iodide (MAPbI3), various derivatives of MAPbI3, achieved
through substitutional doping at each crystallographic site, have also been synthesized and studied.
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Figure 1-1 Schematic illustrating of metal halide perovskites in possible forms (SC: single
crystals, NC: nanocrystals, QD: quantum dot, NP: nanoplatet, PS: polycrystal, and
NW:nanowire) and their potential applications6.
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The crystal structure of 3D ABX3 perovskites consists of corner-sharing BX6 octahedra
with the interstitial A cations, as shown in Figure 1-2a). For this particular structure, a geometric
parameter known as the Goldschmidt tolerance factor (t) is used to evaluate the structural
formability and stability13. The Goldschmidt tolerance factor is found with the formula,
𝑡=

𝑅𝐴 + 𝑅𝑋

(1-1)

√2(𝑅𝐵 + 𝑅𝑋 )

where RA, RB, and RX are the ionic radii of the A, B, and X ions, respectively. When t is close to 1,
the perovskite tends to adopt an ideal cubic perovskite structure. As t deviates from 1, there tends
to be structural distortion of the unit cell, leading to a lower symmetry structure. Figure 1-2b)
provides the approximate tolerance factor for commonly utilized MHPs. Typically, the cubic
structure, also known as the -phase, forms when 0.89 < t < 114. The lower-symmetry trigonal (phase) or orthorhombic (-phase) structures begin to appear when t < 0.89 because the smaller
ionic radii of the A site cation will cause a distortion in the BX6 octahedra framework. Conversely,
a larger A site cation will cause a change in the crystal dimensionality, producing low-dimensional
2D and 1D structures (e.g., Aurivillius, Ruddleson-Popper, and Dion-Jacobson phases)15.
The tolerance factor of MAPbI3 is 0.81, signifying that it will have a tetragonal structure
at room temperature. This is confirmed by X-ray diffraction (XRD), and the perovskite is assigned
the I4cm space group16. At higher temperatures, the organic ion, CH3NH3+, becomes disordered,
causing a lattice distortion, which in combination with [PbI6]- octahedral tilting17 could drive a
phase transition18. Above 330 K, the tetragonal phase -MAPbI3 transforms into the cubic phase
-MAPbI3, while below 160 K, the -MAPbI3 transitions to a orthorhombic phase -MAPbI3,
respectively19. While the  occurs above room temperature, it is within the operational window
of solar cells; therefore, it becomes incredibly important to understand how this transition affects
the device stability and performance. It has been established that this phase transition alters the
electronic band structure and thus affects the optoelectronic properties of the photoinactive layer20.
For some MHPs, such as CsPbI3, FAPbI3, and CsSnI3, a non-perovskite -phase is observed
at room temperature. Unlike with the -phase to - and -phase transitions, this -phase is not
caused by the X-B-X bond distortion in the -phase because the B-X bond is broken in the phase21. It has been well established that the stabilization of this -phase into the -phase in these
MHPs can be induced through doping and alloying22-24.
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Figure 1-2 a) Crystal structure of cubic ABX3 MHPs and b) the Goldschmidt Tolerance
Factor of commonly used perovskite compositions.
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1.1.2 Optoelectronic Properties
The excellent performance of MHP devices is attributed to its unique optoelectronic properties,
such as high and tunable optical absorption, small effective masses for electrons and holes, large
charge diffusion lengths, and high charge carrier mobilities.
1.1.2.1 Optical Properties
By varying the cations and halides or modifying external parameters, such as temperature and
pressure, the absorption and photoluminescence (PL) of MHPs can be tuned in the ultraviolet
(UV), visible, and near-infrared regions. The bandgap of MHPs can be adjusted from
approximately 1.5 to 3.2 eV by adjusting the I/Br and Br/Cl ratio and the A-site cations (Cs, FA,
and MA)25, 26, as shown in Figure 1-3a). Changes in crystal structure from cubic to tetragonal or
other phases can affect the bandgap and cause a PL shift. The bandgap energies of difference
crystalline phases of Cs, MA, and FA lead iodide perovskites is shown in Figure 1-3b).
Another factor that affects the optoelectronic properties is crystal size. As the crystal size
decreases below the exciton Bohr radius, quantum confinement effects can be observed in MHPs
through the appearance of sharp excitonic peaks, narrow PL bands, and blue-shifted absorption
and PL spectra29, 31, 32. For example, Dong et al. observed a gradual blue-shift in the absorption
onset as the crystal size decreased from 6.2 to 3.7 nm, as shown in Figure 1-3c), demonstrating
quantum confinement effects in CsPbBr3 perovskites29. Quantum confinement effects can also be
influenced by the type of halogen. Protesescu et al. found the exciton Bohr radius of CsPbX3
nanocrystals varies from 2.5 nm for CsPbCl3 to 3.5 nm for CsPbBr3 to 6 nm for CsPbI327.
Finally, it has been demonstrated that temperature and pressure can also affect the
absorption and PL properties of MHPs. As mentioned previously in 1.1.1 Crystal Structure, as
the temperature of MHPs deviates from room temperature, a series of phase transitions or structural
changes occur. For MAPbI3, the variation of PL properties is typically grouped into three different
groups based upon the crystal structure: low temperature (orthorhombic), room temperature
(tetragonal), and high temperature (cubic)33. At high temperatures, the bandgap decreases, and
broadening of the absorption and PL spectra is observed, signifying enhanced exciton-phonon
interactions. Similarly, the pressure applied to MHPs can not only affect the structure, but also the
optical properties30.
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Figure 1-3 Cation and anion effects on the optical properties of MHPs. a) Absorption and
photoluminescence spectra of CsPbX3 nanoparticles27. b) Theoretical and experimental bandgaps
of cubic (c), tetragonal (t), and triclinic (tc) phases of APbI3 where A = Cs, MA, and FA28. c) Sizedependent absorption and photoluminescence spectra of CsPbBr329. d) pressure-dependent
photoluminescence of FAPbBr330.
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For example, Wang et al. demonstrated that applied pressure to FAPbBr3 can induce two phase
transitions and subsequent amorphization, causing bandgap evolution in which a red-shift in the
absorption onset and PL peak followed by blue-shift is observed, as shown in Figure 1-3d)30.
1.1.2.2 Charge Transport Properties
MHPs have demonstrated to have long charge carrier lifetimes, long carrier diffusion lengths, and
high mobility, all contributing to efficient charge transport in devices1, 6. The generation, dynamics,
and recombination of charge carriers and excitons is found to be largely dependent on the
composition, crystal structure, and size28.
The carrier lifetime is defined as the length of time between when a photon being excited
and when the free electrons and holes recombine to the ground state. This recombination process
is an incredibly important process for optoelectronic properties34. For example, radiative
recombination emits a photon, and, therefore, allows this material to be used in light-emitting diode
(LED) devices. Conversely, in non-radiative recombination, a trap or other mechanism causes
carrier recombination to occur with an emitted photon. The carrier lifetime () can be obtained
through the equation,
1
1
1
=
+
𝜏
𝜏𝑅 𝜏𝑁𝑅

(1-2)

where R is the radiative lifetime and NR is the non-radiative lifetime34. Because the non-radiative
lifetime is contingent on the trap density of the MHP, the carrier lifetime is typically larger in
single crystals than polycrystalline thin films35. Currently, increasing the carrier lifetime of MHPs
is an important area of research because it has a direct impact on the efficiency of devices such as
solar cells34, 36, 37.
Charge carrier mobility is defined as the speed at which a carrier moves through the
material when an electric field is applied. It can be found utilizing the equation,
𝑞𝜏
𝜇= ∗
𝑚

(1-3)

where  is charge carrier mobility, q is the charge of an electron (1.6022 x 10-19 C),  is the lifetime,
and m* is the effective mass of the charge carriers. It has been demonstrated that the carrier mobility
is dependent on whether the main charge carrier is a hole or an electron, due to the difference in
effective mass34, 37. Generally, the charge carrier mobility is much higher in single crystals than in
polycrystalline thin films35. For example, for MAPbI3, in polycrystalline thin films, the mobility
is found to be 0.4-35 cm2 V-1 s-1, while it is between 67-164 0.4-35 cm2 V-1 s-1 for single crystals,
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and this trend is also observed for MAPbBr334, 36-38. It should be noted that the exact values for the
charge carrier mobility can depend on the characterization technique6. For example, the measured
mobility can range over 8-orders-of magnitude using such techniques as time-resolved microwave
conductivity (TRMC), time-resolved terahertz absorption spectroscopy (TRTS), charge extraction
by linearly increasing voltage (CELIV), space charge limited current (SCLC) technique, time-offlight (TOF) method, field-effect transistor (FET) technique, and Hall effect technique39.
Charge carrier diffusion length (LD) is defined as the average distance carriers will travel
before recombination. The diffusion length is dependent on both the carrier lifetime and mobility
and can be found through the equation,
𝐿𝐷 = √𝑘𝐵 𝑇

𝜇𝜏
𝑞

(1-4)

where kB is Boltzmann constant (1.380 x 10-23 m2 kg s-2 K-1), T is the temperature, and q is the
charge of an electron (1.6022 x 10-19 C)34. It has been found that the photogeneration needs to take
place at a distance equal or smaller than the diffusion length of minority carriers for the optimal
collection of photogenerated free charge majority carriers35. In large single crystals, the diffusion
lengths of MAPbI3 and MAPbBr3 are found to be between 1.3-175  25 m and 1.8-4.3 m,
respectively34.

1.1.3 Stability
Currently, one of the main obstacles to the wide-spread commercialization of this material is its
poor stability due to the intrinsic stability and compositional sensitivity of MHPs to environmental
conditions, such as oxygen, humidity, light, and electric field.
The decomposition of MAPbI3 can be described by two mechanisms: intrinsic and
extrinsic. The intrinsic decomposition is driven by the rearrangement of ions already present in
MAPbI3, while the extrinsic decomposition is driven by additional ions or molecules entering the
perovskite, causing chemical or structural changes40.
Regarding the intrinsic stability, MAPbI3 has been shown to have a relatively low
formation enthalpy41, suggesting that it has a low energy barrier to revert back to MAI and PbI2.
Additional direct decomposition routes lead to the formation of CH3NH2 and HI or CH3I and NH3.
HI, CH3I, and NH3 evaporate from the substrate, while CH3NH2 could also evaporate or be trapped
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at grain boundaries42, 43. Thus, the intrinsic decomposition of MAPbI3 is considered to be the
following pathway44:
CH3 NH3 PbI3 (s) ↔ CH3 NH2 (g) + HI(g) + PbI2 (s)

(1-5)

CH3 NH3 PbI3 (s) → NH3 (g) + CH3 I(g) + PbI2 (s)

(1-6)

CH3 NH3 PbI3 (s) → NH3 (g) + CH3 PbI3 (s)

(1-7)

CH3 PbI3 → CH3 I(g) + PbI2 (s)

(1-8)

𝑛CH3 I(s)

in PbI2
Cn H2𝑛 (s) + 𝑛HI(g)
→

(1-9)

All decomposition pathways lead to the formation of PbI2. This degradation route was initially
considered to only occur at high temperatures, (above 250 C)40; however, it has been shown that
MAPbI3 decomposition can occur at much lower temperatures (85 C)45; therefore, it is important
to understand intrinsic MAPbI3 decomposition to develop strategies for improving performance of
MAPbI3 devices.
Oxygen is considered to be a source of major instability of MHPs46. Some studies have
demonstrated that oxygen can strongly and reversibly improve the PL in MHPs47-49. Other studies
have observed the formation of superoxide species caused by charge transfer between O2 and
photo-excited MHPs46, 50-52. Utilizing DFT calculations, it proposed that the degradation route as
MAPbI3 is exposed to oxygen is,
4 CH3 NH3 PbI3 (s) + 𝑂2 → 4PbI2 (s) + 2𝐼2 + 2𝐻2 𝑂 + 4𝐶𝐻3 𝑁𝐻2

(1-10)

Thermodynamically, MAPbI3 is expected to decompose forming water and iodine. It should be
noted that the oxygen incorporation is sluggish in the dark, but is strongly enhanced under
illumination53, as discussed later in this section.
Several studies have focused on characterizing how humidity affects the structural stability
of MAPbI3; however, an understanding of the critical levels of humidity and the duration of
exposure at which irreversible chemical degradation occurs is lacking. Frost et al. demonstrated
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that the final products of MAPbI3 phase degradation are CH3NH2, HI, and PbI2 in the presence of
water54. Li et al. suggests the following degradation route (1-11) of MAPbI3, resulting in the
irreversible formation of CH2, NH3, HI, and PbI255.
CH3 NH3 PbI3 (s) → (−CH2 −) + NH3 (g) + HI(g) + PbI2 (s)

(1-11)

This degradation route was confirmed because while the concentration of nitrogen and iodine
decreases, the amounts of PbI2 and CH2 in the thin film increase with water absorption. Zhao et al.
proposed a different degradation route (1-12), in which an intermediate monohydrated
MAPbI3H2O is observed as MAPbI3 decomposes into the final products, PbI2 and CH3NH3I56.
CH3 NH3 PbI3 (s) → CH3 NH3 (aq) + PbI2 (s)

(1-12)

Toloueinia et al. observes different degradation behavior depending on the relative humidity (RH)
in which devices are characterized57. At relatively low humidity levels (RH < 65%), there is a
limited impact on the structural stability of MAPbI3. At high levels of humidity (~100% RH), the
following series of reactions (1-13) is proposed.
CH3 NH3 PbI3 (s) + H2 O (g) ↔ CH3 NH3 PbI3 ∙ H2 O (s)

4 CH3 NH3 PbI3 ∙ H2 O (s)

(1-13)

(1-14)

↔ (CH3 NH3 )4 PbI6 ∙ 2H2 O(s) + 3 PbI2 (s) + 2H2 O (g)

(CH3 NH3 )4 PbI6 ∙ 2H2 O(s) → 4CH3 NH2 (g) + 4HI(g) + PbI2 (s) + 2H2 O(g)

(1-15)

4CH3 NH2 (g) + 4HI(g) → 4 CH3 NH3 I(s)

(1-16)

4 CH3 NH3 I(s)

H2 O
4CH3 NH3 + (aq) + 4I − (aq)
→

4I − (aq) → 2I − (g) + 4e−
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(1-17)

(1-18)

It is suggested that the high humidity causes a gas-phase acid-based reaction between CH3NH2 and
HI, resulting in solid MAI on the surface. MAI is then hydrolyzed, and MA+ could then be released.
It is found that this degradation fundamentally changes the charge transport properties of MAPbI3.
While effects due to oxygen and humidity can be partially mitigated by encapsulation58,
the light stability is crucially important of MHPs when utilizing in certain applications, such as
photovoltaics. Tang et al. performed a systematic investigation to determine the degradation routes
caused by illumination in nitrogen, vacuum, and air59. MAPbI3 thin films in a nitrogen atmosphere
did not show any color conversion, regardless of illumination. Optical absorption and PL
measurements show a slight decrease compared to the pristine samples. Conversely, even in dark
conditions in either vacuum or air, the MAPbI3 thin films displayed a significant drop in
absorbance and PL. Once illuminated, the samples are considered to have completely decomposed
as there is no absorbance or PL peak.
Utilizing in situ X-ray diffraction (XRD) measurements, Tang et al. describe the
degradation kinetics when MAPbI3 are illuminated in vacuum or air (40% RH). Under vacuum
conditions, the degradation occurs much faster than when in air conditions. It has been
demonstrated the faster photodegradation is mainly caused by the creation of vacancies, not
chemical reactions, when exposed to vacuum conditions60. Thus, the photoinduced degradation in
vacuum starts with the creation of iodine vacancies because of MAI volatility. They observe the
formation of metallic lead and lead iodide as well. Therefore, the following degradation route
(Equations (1-19 - (1-25) is proposed,
𝑣𝑎𝑐𝑢𝑢𝑚
𝐶𝐻3 𝑁𝐻3 𝑃𝑏𝐼3
𝐶𝐻3 𝑁𝐻2 (𝑔) + 𝐻𝐼(𝑔) + 𝑃𝑏𝐼2 + 𝑉1−
→

𝑒 + 𝑉1−

𝑡𝑟𝑎𝑝𝑝𝑒𝑑
𝑒(𝑉1− )
→

(1-19)

(1-20)

2+
𝑒(𝑉1− ) + 𝑃𝑏 2+ → 𝑃𝑏 + + 2𝐼 − + 𝑉𝑃𝑏

(1-21)

2𝑃𝑏 + → 𝑃𝑏 0 + 𝑃𝑏 2+

(1-22)
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2+
ℎ + 𝑉𝑃𝑏

𝑡𝑟𝑎𝑝𝑝𝑒𝑑
2+
ℎ(𝑉𝑃𝑏
)
→

2+
) + 2𝐼 − → 𝐼2
2 ℎ(𝑉𝑃𝑏

𝑣𝑎𝑐𝑢𝑢𝑚
2𝐶𝐻3 𝑁𝐻3 𝑃𝑏𝐼3 → 2𝐶𝐻3 𝑁𝐻2 (𝑔) + 2𝐻𝐼(𝑔) + 𝑃𝑏𝐼2 + 𝐼2 (g)
𝑙𝑖𝑔ℎ𝑡

(1-23)

(1-24)

(1-25)

Utilizing the same characterization method, they observed degradation products such as metallic
lead and lead salts (PbO, Pb(OH)2, and PbCO3) in air and illuminated. These lead salts cannot be
formed without water46. They suggest that the fast decomposition, roughly 2 hours, observed is
completely initiated by light. Overall, under vacuum or air, the degradation of MAPbI3 is
significantly accelerated by light.
Under electric bias, it has been reported that three important phenomena occur. Firstly, ion
migration, such I- and organic cations, is caused by the electric field because they have a low
activation energy61-65. Secondly, there are changes in the light current-voltage characteristics
caused by ion migration or dipole orientation62, 66, 67. Finally, the photovoltaic effect is observed
when the electric field is applied to the perovskite layer because of the self-doping effects caused
by ion migration62, 68, 69. It is important to highlight that the impact of electric field is dependent
on moisture level70. It has also been demonstrated that at elevated temperatures, a reversible
conversion between MAPbI3 and PbI2 phases is caused by a set of solid state chemical reactions71.

𝐶𝐻3 𝑁𝐻3 𝑃𝑏𝐼3 ↔ 𝐶𝐻3 𝑁𝐻3+ + 𝑃𝑏𝐼2 + 𝐼 −

(1-26)

2𝐼 − → 𝐼2 ↑ +2𝑒 −

(1-27)
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1.1.4 Complete and Partial Substitution
As described earlier in the previous section, MAPbI3 is significantly affected by external stimuli,
such as light, humidity, oxygen, and electrical bias. It has been demonstrated that partial
substitution of the A-site, B-site, and/or X-site can be utilized to tune optical bandgaps, promote
phase stability, improve charge carrier transport properties, and improve stability when exposed
to external conditions.
1.1.4.1 A-site Substitution
In the first and prototype MHP, the A-site is occupied by the monovalent cation, MA+. To tune the
bandgap and optoelectronic properties or to improve the stability, the A-site is typically partially
or entirely substituted by other organic cations, such as FA+, or inorganic cations, such as Cs+ or
Rb+. For example, by substituting MA with FA or Cs, the bandgap of the MHP can be tuned from
1.57 eV to 1.48 eV or to 1.73 eV, respectively72. The bandgap of FAPbI3 has a bandgap closer to
that of an “ideal” photovoltaic material (1.1-1.4 eV). While the bandgap is more favorable and has
comparable or better device performance, the photoactive phase, -FAPbI3, is only stable at high
temperatures and tends to revert to the yellow, photoinactive phase, -FAPbI3, under normal
operational conditions73. The replacement of FA with MA, roughly 20%, was found to stabilize
the -phase at room temperature74. This stabilization can also occur through A-cation and X-site
substitution. Joen et al. demonstrated how (FAPbI3)1-x(MAPbBr3)x where 0 < x < 0.3, can not only
stabilize the -phase, but also improve the device efficiency up to 18.0%75. Like FAPbI3, a yellow,
photoinactive -phase is also present for CsPbI3 at room temperature76. It was demonstrated that
-CsPbI3 could be stabilized by partial substitution of MA76; however, the material stability and
film quality was poor and led to low efficiencies for solar cells45. Conversely, the mixed cation
system, FAxCs1-xPbI3, exhibits good stability. For example, Lee et al. found the FA0.9Cs0.1PbI3 was
remarkably stable and the efficiency increased, partly caused by the reduced trap density upon Cs
doping77. Other inorganic cations, such as Rb+, have been utilized to improve the stability of
MHPs78. Like Cs, the Rb cation also stabilizes the photoactive -FAPbI3 phase and produce a
device with an efficiency of 21.6%.
The A-site can also be completely or partially substituted by larger organic cations with
long chain lengths, enlarging the space between the inorganic framework and leading to layered
perovskites, also known as 2D perovskites79. 2D perovskites generally have the formula A2BX4
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(A = CH3(CH2)nNH3+, C6H5(CH2)nNH3+, B = Sn2+, Pb2+, X = Cl, Br, I), where the inorganic layers
and the organic layers are alternatively stacked. These 2D perovskites improve the material
stability because of the hydrophobic alkylamines, but the optoelectronic properties become less
favorable as the large organic cation increases the exciton binding energy, lowering the
efficiency80, 81. One strategy to maintain this stability, but improve the optoelectronic properties is
to synthesize mixed 2D and 3D perovskites. For example, Tsai et al. recently fabricated a solar
cell made with (BA)2(MA)n-1PbnI3n+1 (n = 3,4) that had a remarkably high PCE of 12.51% 82, which
is drastically higher than other 2D perovskites (< 5%).
Overall, A-site substitutional allows for improved material stability and tunable material
dimensionality.
1.1.4.2 B-site Substitution
Many have focused on replacing the toxic lead element at the B-site with other divalent cations,
such as Sr, Sb, Bi, and Ge. However, replacing lead with these different metals and maintaining
the excellent optoelectronic properties is not easy. For example, it was predicted that MASrI3
would have excellent phase stability, but its bandgap is roughly 3.6 eV, too large for solar cell
applications83. Conversely, the bandgap of Ge-based perovskites can be tuned from 1.6 to 3.1 eV,
making it suitable for solar cell applications; however, the efficiency of these devices has a low
PCE of roughly 3.2%84. Thus, most of the effort has focused on lead-free perovskites revolves
around tin as these perovskites have demonstrated excellent electrical properties85. However, Sn2+
is less stable in the presence of oxygen86 and can easily oxidize into Sn2+, thereby degrading the
perovskite structure.
1.1.4.3 X-site Substitution
As mentioned previously in the Optical Properties section, the bandgap of the perovskites can be
tuned by changing the anion from iodide to bromide to chloride87. It has also been shown that the
replacement of iodide with bromide leads to better stability under ambient conditions88, 89. Several
decomposition pathways proposed for the MAPbI3 also occur with MAPbBr3; however,
energetically, it is more favorable for MAPbBr3 to undergo the reversible reaction (1-5), producing
CH3NH2, HBr, and PbBr2, than the irreversible reaction (1-6), whose final products are NH3,
CH3Br, and PbBr288, 90. As mentioned previously (1-10), in the presence of oxygen, a degradation
route can include a superoxide compound46, 50. Aziz et al. found that while this is energetically
exothermic for MAPbI3, it is energetically endothermic for MAPbBr388. They postulate the reason
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for this is that the stronger hydrogen bonds between the MA+ cation and Br atoms provide better
structural stability. Lin et al. also proposed that the stronger Pb-Br bond could suppress
degradation caused by ion migration91. Nandi et al. confirmed the stronger Pb-Br bond by
demonstrating that MAPbBr3 had a reduced linear coefficient of linear expansion, higher Einstein
temperature, and smaller dynamic disorder. They suggest that this bond prevents the migration of
methylammonium, resulting in improved stability of MAPbBr3.
Bromide-based perovskites have demonstrated improved stability in humidity as well. As
mentioned previously, humidity can be detrimental to the stability of MAPbI3 because of the
formation of intermediate hydrated phases, such as CH3NH3PbI3H2O and (CH3NH3)4PbI6H2O57.
These hydrate phases then decompose in PbI2 and volatile gases, such as HI and CH3NH2. Song et
al. showed how initial exposure to humidity passivates the surface as the water molecules bond
with uncoordinated Br atoms92. This surface passivation improves the optoelectronic properties of
MAPbBr3 and, typically, a PL enhancement is observed. These improvements are then reversed as
the water surface layer delocalizes the electron wave function93, creating an effective n-type
doping. This process occurs rapidly, preventing MAPbBr3 from further decomposition, unlike
MAPbI392. Again, the improvement in stability is attributed to the strong Pb-Br bonds, preventing
the formation of intermediate hydrated phases.
Finally, device performance can also be improved by partial substitution of the halide. For
example, the bandgap of the mixed halide perovskite, MAPb(BrxI1-x)3, can continuous tuned from
1.58 to 2.28 eV by simply changing the I/Br molar ratio25, 94. This tunability becomes beneficial in
multi-junction devices because light with different wavelengths can be absorbed95, 96. However,
these mixed halide perovskites undergo halide segregation when exposed to external stimuli,
leading to the degradation of the devices97.

1.2 Optical in-situ Characterization
Optical characterization methods, such as absorption and photoluminescence (PL) spectroscopy,
have been utilized to measure the optoelectronic properties of MHPs. With technical modifications
to traditional ex situ absorption and PL equipment, researchers can monitor the evolving optical
properties of MHPs in situ98. For example, most photovoltaic devices are fabricated utilizing
solution-based synthesis, such as spin-coating, and annealing afterward. All of the steps, such as
wet film thinning and solvent evaporation, influence the film properties, such as morphology,
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electrical, and optical properties99; therefore, in situ monitoring of optical properties provides a
real time probe to measure dynamical processes that occur during spin coating and annealing. In
situ characterization can also be useful in measuring the optoelectronic properties when MHPs are
exposed to external conditions, such as light, heat, humidity, or electric bias100. Overall, optical in
situ characterization can be utilized to advance the understanding such dynamical processes such
as perovskite formation, ionic movement, phase changes, and degradation101-105.
PL measurements require a few components, a monochromatic illumination source and a
detector/spectrometer; therefore, many laboratories utilize PL to characterize samples. The PL
spectra of MHPs at room temperature generally have one peak corresponding to the bandgap106.
The peak width is dependent on the temperature, Urbach tailing, internal strain, and Froehlich
phonons106, 107. By analyzing the low energy part of the PL spectrum, the Urbach energy can be
determined108. The Urbach energy is affected by shallow defects, disorder, and bandgap
fluctuations. If the setup is properly calibrated, the external radiative efficiency, also known as the
PL quantum yield (PLQY), can be quantified through the full-width half-maximum (FWHM) of
the PL peak. Overall, important optoelectronic properties, signifying whether a composition would
be appropriate for a certain application, can be measured through a rather simple characterization
technique.
Firstly, in situ PL measurements during synthesis and fabrication of MHPs can provide
insight into synthesis mechanisms, nucleation, and growth. For example, the determination of the
optimal temperature and duration of annealing MHPs is crucial to improving device performance99,
109-111

. Franeker et al. utilized in situ PL to investigate the formation of MAPbI3 deposited by a hot

casting method in air and correlated these observations to solar cell efficiency112. They observed
an initial exponential PL decay, which was temperature-dependent followed by a slower decay
behavior. They found that an annealing temperature of 97 C for approximately 7 minutes
produced a device with the highest power conversion efficiencies. In situ PL measurements can
also be useful in assessing new synthesis pathways, such as using nonstoichiometric instead
stoichiometric precursors with mixed organic cations. Regarding at mixed cation perovskites,
FAxMA1-xPbI3, Xie et al. found an amorphous phase, indicated by a broad PL peak with a large
FWHM, when stoichiometric precursors were utilized113. They attribute this peak to the formation
of the photoinactive phase, -phase, which could only be transformed to the -phase upon
annealing. Utilizing an excess of MAI in the synthesis, the -phase formed without the need for
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annealing. Next, these measurements can monitor compositional tuning, such as ion exchange
reactions at the cation or anion. For example, Pellet et al. utilized PL emissions to observe halide
substitution in MAPbX3 (X = Cl, Br, I) by dipping thin films into MAX solutions, shown in Figure
1-4114. The halide in the dipping solution governs the final halide composition. While the complete
conversion from MAPbBr3 to MAPbI3 does not occur even after a reaction time of 1 hour, the
conversion from MAPbI3 to MAPbBr3 occurs after approximately 5 minutes. In situ PL
measurements can also be utilized in a high-throughput manner to observe the nucleation and
growth of CsPbX3 (X = I, Br, Cl) nanocrystals27. During synthesis, a broad peak at high energies
was observed, likely caused by surfactants. Once the formation is initiated, either by hot-injection
or halide precursor injection, they observe a red-shifting and narrowing of the PL peak, indicating
nucleation and growth115,

116

. This process occurs within 1-3 seconds. In this study, they

determined that the size of the nanocrystals is controlled by the reaction temperatures and not
growth time.
Next, in situ PL measurements can also be utilized to explore the effects of light soaking,
to investigate ion migration, and to characterize sample degradation. As mentioned in Optical
Properties, the bandgap of MHPs can be tuned through cation and anion substitution. Hoke et al.
found MAPb(BrxI1-x)3 thin films undergo a light-induced, reversible transformation into bromideand iodide-rich domains117. By measuring PL over 45 seconds in 5 second increments, they
observed the appearance of an additional PL peak at a lower energy that increased over time,
indicating this transformation. Overall, this study demonstrated how mobile halides are in this
system. Zhou et al. also utilized in situ PL to improve the photostability of the mixed cation system,
Cs0.17FA0.83Pb(BrxI1-x)3118. By comparing the PL of different samples over time, they found that an
excess of FAX (X = Br, I) during synthesis produced better photostability because this excess
produced a larger grain size, reduced the number impurities, and passivated grain boundaries.
The effect of other external stimuli, such as air and humidity, can also be investigated.
Galisteo-Lopez et al. and others reported that O2 can cause substantial PL enhancement in
MAPbI347, 48. It was also shown that N2 has little effect on PL because it cannot undergo redox
activity caused by O2 or surface conversion reactions from H2O119. Howard et al. also explored the
effect of environmental conditions on the mixed cation and mixed halide system, CsxFA1xPb(IyBr1-y)3
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. They observed PL intensity hysteresis curves caused by humidity. They also

observed PL enhancement dependent on Cs/Br ratio under different humidity levels. Knight et al.
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also demonstrated that the halide segregation dynamics are dependent on the atmospheric
environment121. In another study, Song et al. utilized in situ PL to describe the degradation
mechanisms of MAPbI3 when exposed to high humidity levels92. They postulate that degradation
occurs in four stages: humidity-assisted surface passivation, n-type doping, formation of a
monohydrated perovskite, and conversion into a hydrate phase. Overall, in-depth investigations
into the process leading to PL enhancement are made possible by performing in situ PL
measurements as samples are exposed to external stimuli.

1.3 High-throughput Experimentation
Significant innovations in technology have historically been furthered by the discovery of novel
materials. Currently, the materials development process relies on three key steps: 1) identification
of a new composition of interest, 2) detailed synthesis of that compound, and 3) post-processing
to carefully optimize its properties122. To accelerate this process, it is not only important to increase
the effectiveness of each step, but also to incorporate all three steps into a closed loop so these
steps can proceed in rapid succession and utilize feedback to inform future experiments. While the
first step has been aided by large-scale ab initio simulations, the latter two steps are generally timeconsuming because of the iterative trial-and-error approach necessary for both synthesis and
optimization. To overcome these challenges, one solution is autonomous research systems that
combine both high-throughput robotic platforms and machine learning approaches to accelerate
materials discovery and development.
Historically, the widespread usage of high-throughput platforms was first demonstrated in
the pharmaceutical industry123. There, these platforms were utilized to accelerate drug discovery
through combinatorial sampling, which can typically be performed in an automated and systematic
manner, saving considerable time and money. This has prompted more sophisticated applications
of the systems ranging from the systematic exploration of optoelectronic properties of quantum
dots to the performance optimization of MHP thin films.
The first major step in the automated optimization of materials discovery is the synthesis
of samples. The ability to automate depending on the synthesis method and the form of the end
products.
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Figure 1-4 Time evolution of an ion exchange reaction investigated by in situ PL
measurements114.

20

Regarding the automated synthesis of metal halide perovskites, the platforms can vary from
micropipetting robots, microfluidic systems, and self-driving laboratories and can produce
perovskites in a variety of forms, such as microcrystals, single crystals, thin films, and quantum
dots. Once the samples have been prepared, the appropriate characterization method should be
utilized to describe the properties of interest and provide information for the next batch of
experiments. Characterization can be executed after batch synthesis or in real-time. Overall, these
automated synthesis platforms allow for the quick and efficient synthesis of large combinatorial
libraries.

1.3.1 Self-Driven Laboratories
The first strategy is automating high-throughput and optimization MHP experimentation was to
simply replicate what a researcher does in the laboratory. This could range from the
implementation of robotic arms or automated guided vehicles moving from one area of the lab to
another.
MacLeod et al. designed a self-driving laboratory, “Ada,” to autonomously synthesize,
process, and characterize MHP thin films124. Ada is based on a modular robotic platform that using
robotic arms to perform the fluid handling and to move substrates from the spin coater to heat gun
for annealing to characterization instruments. A schematic of Ada is shown in Figure 1-5a). In
this study, they utilize Ada to optimize the hole mobility of spiro-OMeTAD, which is an organic
hole transport material (HTM) commonly used in perovskite solar cells125. It is well established
that the hole mobility of spiro-OMeTAD is critical to the solar cell performance and is also highly
sensitive to dopants, additives, solvents, and post-deposition processing126. Typically, the
optimization of the spiro-OMeTAD layer using these parameters is done empirically and can often
take months. Utilizing Ada, they optimize the hole mobility by 1) measuring and mixing solutions
of HTMs and dopants, 2) depositing the solution on thin films, annealing each film, 3) imaging
each film to characterize the morphologies, defects, and impurities, and 4) measure the optical and
conductivity properties. The data from these measurements are then sent to ChemOS 127, which
used the Phoenics global Bayesian optimization algorithm to design the next experiment by
learning from the acquired data. Utilizing Ada in combination with ChemOS, they were able to
quickly optimize dopants and the duration of annealing to maximize the hole mobility of spiroOMeTAD. Overall, the development of this self-driving laboratory demonstrates how these

21

autonomous systems can be utilized to optimize device performance efficiently through
modifications of experimental parameters.
Li et al. also developed a robotic laboratory, denoted as AIR-Chem (Authentic Intelligent
Robotics for Chemistry), capable of not only automating the actions performed by researchers, but
also utilizing real-time computer vision (CV) to capture data during fabrication to improve future
experiments128. The synthesis and characterization are performed by a multirobot system, which
includes a robotic arm on top of an automatic guided vehicle (AGV), a workstation for fabrication
and an industrial camera, and a reaction chamber also on top of a an AGV. A schematic of this setup is shown in Figure 1-5b). Here, the AIR-Chem system is utilized to experimentally confirm a
theoretically predicted, improved nucleation theory of size of inorganic perovskite quantum dots,
specifically cesium lead halide (CsPbX3). Once the quantum dots were automatically fabricated,
optical measurements of the quantum dots were performed under 365 nm UV illumination. Images
were then divided into two modes: RGB and gray. The solution within the beaker was found
through the gray mode images based on edge detection. From the RGB mode images, they were
not only able to measure the band gap, but, based upon the curvature of the RGB curve, also the
growth rate of the quantum dots. From the obtained data, users then can modify the future
experimental procedure performed by the AIR-Chem system. This work is another illustration of
how unmanned laboratory can perform the chemical synthesis and characterization of materials.
Overall, these self-driven laboratories are effective in automating the synthesis of MHPs;
however, the engineering involved in the development of these systems is quite time-consuming.
Therefore, the utilization of established platforms, such as microfluidics and micropipettes,
eventually began to dominate the field of MHP automated high-throughput experiments.

1.3.2 Microfluidic Platforms
Microfluidic platforms with the capability of performing microscale flow synthesis have
accelerated the development of MHP quantum dots (QDs)129. Perovskite QDs can be utilized in a
wide variety of applications, such as photovoltaics130,
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and LEDs111,
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, due to their

compositional and size dependent optoelectronic properties, such as a narrow PL bandwidth, high
mobility, long diffusion lengths, and near-unity PL quantum yield (PLQY)133, 134. Typically, QDs
are fabricated using either the hot-injection method or ligand-assisted reprecipitation (LARP)
method135.

22

Figure 1-5 Two examples of self-driving laboratories. a) “Ada” developed by MacLeod et al.
for the optimization of hole transport layers for MHP thin films124. b) Schematic of the AIR-Chem
platform128.
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The success in producing monodisperse QDs for both synthesis methods depend on several
reaction parameters, such as the reaction temperature, growth time, structure and concentration of
surface capping ligands, and precursor concentrations135, 136. Recently, microscale flow synthesis
has been successfully utilized as a reliable and reproducible technique to accelerate studies of
perovskite QDs137-142.
Microfluidic platforms typically consist of three modules: a precursor formulation module,
a microfluid reactor, and an in situ diagnostics module. Compared to batch methods, microfluidic
platforms allow for precise control of experimental parameters, such as temperature and mixing,
reduce the amount of consumables during exploration studies, characterize properties in situ and
real-time, enable high-throughput experimentation, and, overall, accelerate the parameter space
mapping and optimization137-143.
Lignos et al. was one of the first groups to utilize a microfluidic platform for the synthesis
of cesium lead halide (CsPbX3 where X = Cl, Br, I) nanocrystals137, as shown in Figure 1-6a).
Through the fast mixing with microscale flow synthesis in combination with in-situ absorption and
PL measurements, they generated a comprehensive map of reaction parameters, such as the molar
ratios of Cs, Pb, and halide precursors, reaction temperature, and reaction times. Minimizing the
quantity of precursors and reagents, they found the optimal parameters for batch syntheses of the
nanocrystals. In addition, they describe the early stages of nucleation and growth, roughly on the
timescale of 0.1-5 seconds. This is not possible for batch synthesis, leading to new insights into
nucleation mechanisms.
Next, Epps et al. expanded the capabilities by accessing experimental parameter spaces not
available to traditional microreactors through the incorporation of a three-port transitional flow
cell, which allows for the continuous and precise control of precursors138. Utilizing their platform,
shown in Figure 1-6d), they demonstrated rapid characterization of the reaction parameters of
CsPbBr3 QDs. Further, by measuring the absorption and PL of the QDs as they traveled through
microreactor, they provided an in-depth investigation into the early stages of nanocrystal growth.
Overall, this platform is universal for QD synthesis and allows for additional experimentation that
could explore other reaction parameters, such as a compositional gradient.
Most microfluidic platforms focused on the synthesis of cesium lead halide synthesis, but
Maceiczyk et al. utilized it to gain preparative insights into the synthesis of formamidinium lead
halide (FAPbX3 where X = Br, I) nanocrystals139.
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Figure 1-6 Microfluidic robotic platforms for the high- and low-temperature synthesis of
lead halide quantum dots129. a) Two-phase platform with in situ PL and absorption spectroscopy
for the high-temperature synthesis of CsPbX3 QDs137. b) Modified microfluidic platform from a)
to include a TCPSC module for measuring the PL lifetime144. c) Another two-phase microfluidic
platform for exploring the effects of temperature and ligand ratio of PQDs145. d) Low-temperature
flow synthesis of CsPbBr3 QDs138. e) Schematic of the microfluidic platform for low temperature
synthesis of MAPbX3 QDs141.
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They determined the optimal synthesis conditions for FAPbI3, FAPbBr3, and mixed halide
FAPb(BrxI1-x)3 nanocrystals. They also demonstrated that the precursor stoichiometry influenced
the shape of the resulting nanocrystals. Notably, the incorporation of bromine into FAPbI3 lowered
the optical quality of the nanocrystals, contrasting cesium lead halide nanocrystals in which
bromine is shown to improve the optical properties. Overall, this study provided the groundwork
necessary to explore mixed cation MHPs utilizing microfluidic platforms.
Next, Lignos et al. explored shape evolution and halide segregation in formamidinium lead
halide (FAPbX3 where X = Cl, Br, I) nanocrystals140. Firstly, they further improved the
photoluminescence properties, such as precise bandgap tuning, narrow emissions, and high
PLQYs, of FAPbBr3 and FAPbI3. Next, FAPb(ClxBr1-x)3 nanocrystals were synthesized for the
first time using a fully automated microfluidic platform, and the optimal experimental parameters
were found for later batch synthesis. However, Cl-rich (>60%) FAPb(ClxBr1-x)3 nanocrystals
undergo halide segregation not observed with Br-rich FAPb(ClxBr1-x)3 nanocrystals. Although
they were not able to optimize the experimental parameters to deter halide segregation, this was
one of the first studies to elucidate halide segregation in microfluidic platforms.
In another study, Lignos et al. was the first to systematically investigate the experimental
parameter space of mixed cation and mixed halide MHPs, specifically, CsxFA1-xPbI3 and CsxFA1xPb(BryI1-y)3,

nanocrystals142. Successful synthesis of these nanocrystals depends on an

understanding of the complex relationships between bulk thermodynamics, crystal surface
energies, dynamics of capping ligands, and effects of multiple reagents in solution. Utilizing their
microfluidic platform, they optimize the experimental parameters to produce high
photoluminescence intensities, narrow emission wavelengths, high PLQYs, and longer stability.
Further, they utilize these experimental parameters to fabricate LEDs with high external quantum
efficiencies of 5.9% and excellent chemical stability.
Liang et al. was the first to utilize automated flow reactor, shown in Figure 1-6e), for the
continuous, room temperature synthesis of MAPbX3 (X = Br, I) nanocrystals141. In this reactor the
nanocrystals nucleated rapidly and were initially, highly fluorescent. When remaining in their
solvent, octadecene (ODE), the nanocrystals would degrade after approximately one hours;
however, once the nanocrystals were separated from ODE through centrifugation and dispersed in
toluene, the nanocrystals remained stable for 8 months. Mixed halide nanocrystals also
demonstrated high stability. Overall, the platform developed here proved that it could reproducibly

26

synthesize MAPbBr3, MAPbI3, and MAPb(BrxI1-x)3 nanocrystals with narrow size distribution,
high stability, and outstanding emissive properties.
Most microfluidic platforms utilize absorption and PL measurements to characterize the
optical properties of the fabricated quantum dots or nanocrystals. Lignos et al. incorporated timecorrelated single photon counting (TCSPC) measurements to quantify the fluorescence lifetimes
of CsPbX3 (X = Br, I) nanocrystals144. The platform is shown in Figure 1-6b). By performing
calibrated TCSPC measurements, they can determine an absolution measure of the
photoluminescent quantum efficiency (PLQY) independent of the sample concentration. Utilizing
their microfluidic platform, they rapidly fine-tuned the experimental parameters, such as
precursors (Pb/Cs and Br/I ratios) and reaction temperatures, to produce nanocrystals with the
highest fluorescence lifetimes possible, generating a recipe for nanocrystals with the highest
PLQY.
The molecular surface ligands utilizing in the synthesis of quantum dots and nanocrystals
plays an important role in the stabilization and optical properties129. Li et al. utilizes a microfluidic
platform, shown in Figure 1-6c), to investigate multiple parameters regarding ligands and other
factors, such as reaction temperature, to find CsPbBr3 nanocrystals with the maximum
photoluminescence and minimal emission bandwidth145. Utilizing four different ligands, two with
a linear chain structure and two with a branched chain structure, they map the peak intensity, peak
position, and Interquartile Range (IQR), which is related to the PLQY, as a function of base:acid
ratio, which is dependent on the ligands, and the reaction temperature. Overall, they found the
optimal experimental parameters to produce the highest quality CsPbBr3 nanocrystals but were
also able to explore how the surface capping ligands can affect the optical properties.
Overall, the utilization of microfluidic platforms has accelerated the development of QDs
for applications as it is now possible to find the optimal experimental parameters to find QDs with
the best optoelectronic properties without tedious trial-and-error experimentation.

1.3.3 Pipetting Platforms
Because micropipetting robots focus on automating the role of the researcher by replicating
actions typically performed, such as dispensing and mixing solvents, these platforms, in principle,
can be applied to a variety of experiments simply by changing out labware and re-programming
accordingly. The cost of micropipetting robots can range from relatively inexpensive to costly
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depending on the features of each system. Usually, the utilization of this automated platform is
performed in batches. Well plates are typically used when microcrystals or single crystals are
synthesized through growth methods, such as antisolvent crystallization and inverse temperature
crystallization. Thin films can also be fabricated with this platform using a drop-casting technique
onto glass substrates. Overall, micropipetting robots can automatically synthesize combinatorial
libraries in batches quickly.
One of first utilization of micropipetting robot platforms to explore the properties of MHPs
was demonstrated by Chen et al.146. Utilizing five common perovskites, MAPbI3, FAPbI3, CsPbI3,
MAPbBr3, and FAPbBr3, they synthesized six binary mixed halide systems via Antisolvent
Crystallization147. After precursor solutions were dispensed into each well, an antisolvent,
chloroform, was then added into the well. An obvious color change upon antisolvent application
indicated the precipitation of perovskite microcrystals. Utilizing a plate reader, the absorption and
PL of the microcrystals was then measured to determine the band gap of each composition. The
stability of the perovskites was determined by observing the color change of each well over the
course of three days. For example, if the color changed from black to yellow, this indicated the
formation of the yellow, photoinactive phase or halide segregation. Stable compositions were then
fabricated in devices and electrical properties, such as open circuit voltage, Voc. They find that
CsxMA1-xPbI3 and CsxFA1-xPbI3 films are less prone to halide segregation. Overall, this study
demonstrated how high-throughput approaches could be utilized to rapidly explore the properties
of MHPs and eventually accelerate the discovery of novel perovskites for applications.
Later, Gu et al. utilized a pipetting robot platform to explore how the selection of solvents
and antisolvents affects the formation of MHPs148. For example, utilizing a high-throughput
approach, they synthesize 336 different combinations using three different solvents, dimethyl
sulfoxide (DMSO), n’n-dimethylformamide (DMF), and -butyrolactone (GBL), and 46 different
antisolvents. Through visual observation and absorption, PL, and X-ray diffraction measurements,
they determined whether the correct perovskite phase formed. An example of a microplate with
formed and unformed perovskites because of the antisolvent used. Because of the high-throughput
approach, they were able to study the influence of interactions of the solvent molecules, cations,
metal-halides, and antisolvents, to build a model and to describe the selection criteria of
antisolvents, avoiding time-consuming trial and error experiments.
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In combination with a pipetting robot, Li et al. utilized a temperature module to perform a
total of 8172 MHP reactions to explore the experimental parameters, such as the molarity of the
solutions and the reaction temperature, necessary to synthesize single crystals through the Inverse
Temperature Crystallization (ITC) method149. ITC takes advantage of the retrograde solubility of
MHP precursor solutions, thereby producing single crystals as the temperature is increased150. 45
different organic ammonium cations, ranging structurally from aliphatic to aromatic to linear
chains to branched structures to cyclic cations to secondary and tertiary ammoniums to amidinium
ions. Utilizing 96-well microplates, the pipetting robot dispenses four different stock solutions: 1)
solution of lead iodide and the organoammonium iodide, 2) solution of the organoammonium
iodide, 3) the pure solvent, and 4) neat formic acid, which is utilized to promote crystallization.
After the solutions are heated for 2.5 hours, photographs of each well are taken and the resulting
crystals are divided into four categories: 1) clear solution with any precipitates, 2) fine powder, 3)
small crystallites (average dimension <0.1 mm), and 4) large (>0.1 mm) crystals. From this, maps
are created to illustrate which experimental parameters, such as the molarity of the precursors and
formic acid, produce large single crystals. Notably, they also observed the formation of two new
perovskite phases, CH2H7N2PbI3 and (C7H16N)2PbI4. This study demonstrates how highthroughput approaches can be utilized to not only explore the effect of experimental parameters
on single crystal growth, but also accelerate the discovery of new perovskites.
Kirman et al. also utilized a robotic pipetting platform for the discovery of new MHP single
crystals151. Here, they utilized a specialized 96-well plate to synthesize these single crystals via
Antisolvent Vapor Crystallization (AVC)150. Initially, they focused on a known perovskite,
(C8H12N)2PbBr4 or PEA2PbBr4, to train a convolution neural network (CNN) to detect whether a
single crystal formed or not from optical images. Once trained, they modified the experimental
parameters, such as precursor molarity, solvents, etc., to find the optimal conditions to synthesize
the perovskite, (3-PLA)2PbCl4, which had never been fabricated as a single crystal. Utilizing the
parameters found using the high-throughput approach, they scaled up the growth and produced a
sizable single crystal. Here, they demonstrate how the combination of high-throughput
experimentation and machine learning can lead to the optimization of experimental parameters for
the single crystal growth of new perovskites.
Most recently, Zhao et al. proved how these pipetting platforms can also be utilized to
fabricate and characterize thin films152. In this study, they incorporated the cations,
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methylammonium (MA), cesium (Cs), rubidium (Rb), and potassium (K) into FAPbI3. The
precursor solutions are mixed in a well plate using the pipetting robot, then, the mixed solutions
are dropped onto a glass substrate and heated, fabricating thin films. The operational stability of
these films was established through absorption measurements over time at a high temperature (140
C). They observe that increasing the concentration of the organic cation or decreasing the
concentration of the inorganic cation has a harmful effect on the photo- and thermal-stability of
MHPs. However, this effect is reversed below 100 C. Overall, from this study, they determine the
optimal MHP for device stability (< 100 C) is FAPbI3 with at least 10 mol.% MA and up to 5
mol.% Cs/Rb.
Overall, the variety in these studies demonstrate how versatile robotic micropipetting
platforms are at exploring both the characteristics of MHPs, discovery new compositions, and
optimizing doping and alloying to optimize device performance.

1.4 Machine Learning
Recently, the emergence of machine learning approaches has led to the increased efficacies in
analyzing combinatorial libraries and in guiding the exploration of design spaces.

1.4.1 Preprocessing: Dimensionality Reduction
Dimensionality reduction is, simply, the process of reducing the dimensions of the dataset while
maintaining as much of the variation of the original dataset as possible. These datasets could have
many attributes, making visualizing these datasets difficult because they lie in a high-dimensional
space. It is typically a preprocessing step before machine learning approaches are applied to the
dataset. Although we lose a certain percentage, approximately 1-15%, of the variability in the
original dataset, there are many advantageous in performing dimensionality reduction. By reducing
the number of dimensions, the training time and computational resources decreases, while the
overall performance of machine learning algorithms increases. It is very useful for data
visualization as these datasets can now be represented with 2D or 3D plots. Finally, it is extremely
valuable for factor analysis.
There are a variety of dimensionality reduction methods that can be used depending on the
dataset and the conditions153. Simply, there are two types of methods. The first type only keeps the
most prominent features and removes the redundancy. Methods falling in this type are Backward
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Elimination, Forward Selection, and Random Forests. The other type finds a combination of a new
set of features, which contain different values instead of the original values. This category can
further be divided into linear methods and non-linear methods. The linear methods can include
Principal Component Analysis (PCA), Non-negative Matrix Factorization (NMF), Factor Analysis
(FA), and Linear Discriminant Analysis (LDA). Kernel PCA, t-distributed Stochastic Neighbor
Embedding (t-SNE), and Multidimensional Scaling (MDS) are examples of the non-linear
methods.
Here, there is a focus on Non-negative Matrix Factorization (NMF) as it is used in later
chapters. As an example, we assume that a matrix X, such X  WH, has n data points each with p
dimensions, and every column of X is a data point. The goal is to reduce the p original dimensions
to r, also known as the rank, so that 𝐖 ∈ ℝp × r and 𝐇 ∈ ℝr × n . Each column of W is interpreted
as a basis element, which is some characteristic that appears repeatedly in the original dataset. The
columns of H are used to approximate the location of the original data point from a linear
combination of W.
To illustrate the mechanics of NMF, a simple example of how it can be utilized for text
mining is provided. Here, the matrix X is a collection of verbose word documents. As stated
previously, by performing NMF, two matrices W and H are produced. The columns of W represent
the main topics in the documents. H demonstrates the importance of each topic within the
documents. Mathematically, it would look like,
𝐗(: , j) = ∑rk=1 𝐖(: , k) 𝐇(k, j).

(1-28)

This is a simple example of how NMF can be used to identify topics while also labeling the
importance of each topic from a large dataset.

1.4.2 Gaussian Process Regression
While many supervised machine learning approaches learn from exact values in a function, the
Bayesian approach assumes a probability distribution over all possible values. For example,
assume there is a linear function: 𝑦 = 𝑤𝑥 + 𝜖. This approach then specifies a prior distribution,
p(w), on the parameter, w, and determining probabilities based on the observed data using Bayes’
Theorem:
𝑝(𝑤|𝑦, 𝑋) =

𝑝(𝑦|𝑋, 𝑤)𝑝(𝑤)
𝑝(𝑦|𝑋)
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(1-29)

or, in words,
posterior =

likelihood × prior
marginal likelihood

The posterior distribution, p(w|y,X), combines information from both the prior distribution and the
data. To then make predictions at other data points that have not been measured, also called x*,
the predictive distribution can be calculated by weighting all possible predictions by the calculated
posterior distribution,
𝑝(𝑓 ∗ |𝑥 ∗ , 𝑦, 𝑋) = ∫ 𝑝( 𝑓 ∗ |𝑥 ∗ , 𝑤) 𝑝(𝑤|𝑦, 𝑋)𝑑𝑤

(1-30)

𝑤

Solving for the predictive distribution, the result is a Gaussian distribution that can give a
prediction using its mean and uncertainty154.
While this approach calculates the probability distribution of a specific function, Gaussian
Process Regression (GPR) calculates the probability distribution over all possible functions that
could fit the dataset. However, like the approach above, a prior is specified, the posterior is
calculated using training data, and the predictive posterior distribution is computed for points of
interest.

1.4.3 Bayesian Optimization
Bayesian Optimization (BO) is also an approach based on Bayes’ Theorem (1-29). Generally,
Bayesian Optimization operates by developing a probabilistic model of the objective function and
uses this model to choose a parameter to evaluate in the true objective function, which is a fixed
function155, 156. For example, assume there is a fixed function, and if there were unlimited resources
and time, it could be possible to calculate every single data point to know the actual shape;
however, this is virtually impossible. Therefore, the process begins by sampling a few points from
the true objective function. Using those samples, a surrogate model is built to approximate the true
objective function. The surrogate model is represented by the solid blue line, while the blue shaded
region represents the deviation. Next, an acquisition function is built to decide the next data point
to sample. This next point is chosen based on where the acquisition function is maximized. Once
this new sample point is collected, the surrogate model is then updated based on the value obtained.
This process is repeated until the maximum time or maximum iteration is reached, leading to an
accurate approximation of the true objective function.
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1.5 Dissertation Outline
Despite the excellent optoelectronic properties of MHPs, the long-term and operational stability
remains elusive, hindering the wide-scale commercialization of this material in a variety of
applications. Autonomous research systems, combining robotic platforms and machine learning
techniques, are an efficient approach to explore not only compositional spaces and find
experimental parameters to improve the stability. The research in this dissertation focuses on the
development of an automated, experimental framework to synthesize and characterize
combinatorial libraries of MHPs, sometimes under different experimental parameters, to find
possible stable compositions. The outline of this dissertation is as follows.
In Chapter 2, we describe the development of an experimental framework that can be
utilized to explore combinatorial libraries of MHPs. Here, we use robotic micropipetting platforms
to synthesize four different mixed cation and mixed halide perovskite systems. They are then
automatically characterized via photoluminescent (PL) spectroscopy. These measurements are
performed over time, and the evolution in the PL spectra describes complex dynamical processes,
such as halide segregation, as the perovskites are exposed to air. To efficiently describe these
changes, we utilize Non-negative Matrix Factorization (NMF) and Gaussian Processing
Regression (GPR). Thus, we map these time- and compositional-dependent optoelectronic
properties of MHPs onto a phase diagram. This experimental framework is universal and can be
utilized with other solution-based synthesis materials. We demonstrate this by utilizing the
workflow to explore the stability of CsPbX3 quantum dots in 0. There, we also incorporate
Bayesian Inference into the framework to describe the PL peak properties across the phase
diagram. In Error! Reference source not found., we then explore the stability of 15 different binary
MHP systems utilizing different antisolvents with this workflow. Overall, this work demonstrates
how vital antisolvent engineering is to the improvement of MHP stability.
Finally, Chapter 5 presents an overall summary of the research work within this
dissertation and an outlook for future works.
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2.1 Abstract
Metal halide perovskites (MHPs) have attracted research interest as a promising candidate for a
variety of optoelectronic and sensing applications; however, concerns regarding the long-term
stability of MHPs remains the barrier for wide-scale commercialization. In this study, we develop
an automated experimental workflow employing combinatorial synthesis and rapid highthroughput characterization to investigate the long-term stability of MHPs in ambient conditions.
We demonstrate the efficacy of this workflow by exploring four model perovskite systems:
MAxFAyCs1-x-yPbBr3, MAxFAyCs1-x-yPbI3, CsxFAyMA1-x-yPb(Brx+yI1-x-y)3, and CsxMAyFA1-xyPb(Ix+yBr1-x-y)3.

Non-negative matrix factorization and Gaussian process regression is utilized to

map and interpolate the time- and compositional-dependent photoluminescent behavior of the
entire phase diagram. This interpolative regression analysis assists in identifying mixtures that
form solid solutions from those that segregate into multiple phases, indicating the most stable
regions of the phase diagram. We observe how the stability dependence on composition is
nonuniform within the compositional space, signifying the existence of potential preferential
compositional regions. Our developed workflow is universal and can be applied to other solutionprocessable materials. This chapter is revised based on an article published by Kate Higgins, Sai
Mani Valleti, Maxim Ziatdinov, Sergei V. Kalinin, and Mahshid Ahmadi, in ACS Energy Letters
2020, DOI: 10.1021/acsenergylett.0c01749.

2.2 Introduction
Because of their outstanding optoelectronic properties and low fabrication cost, metal halide
perovskites (MHPs) are attractive candidates for numerous applications, such as photovoltaics157,
light-emitting diodes2, 3, photodetectors4, and ionizing radiation detectors5,

158

. Currently, the

crucial issue prohibiting the widespread utilization of MHPs is its stability in pure or deviceintegrated form159, 160 . The application potential of MHPs is determined equitably by the intrinsic
properties90 and by the stability and responses to environmental conditions, such as light52,
humidity120, and heat161. It has been well established that the alloying can alleviate the detrimental
effects of these factors. For example, the alloying to form solid solutions of FAPbI3, MAPbBr3,
and CsPbI3 has shown to be a pathway to combat the instability and the improvement of MHP
photovoltaics162-164.
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However, solid solutions formed from alloying and substitution of the cation and anion
sites can lead to the products exhibiting dissimilar structural and optoelectronic properties and
nonmonotonic stability over the compositional space. The interaction of the variability of the
resulting structures along with the classical thermodynamic factors, such as limited solubilities,
gives rise to complex phase spaces with multiple solid solutions and, possibly, two- and threephase regions, etc. The large number of possible solid solutions, the various aspects of figure of
merits that can be optimized in other areas, and the necessity for optimization of synthesis
conditions for each specific composition make the classical search and optimization of these
materials extremely tedious. To date, only a few tens of solid solution systems have been
investigated compared to the over thousands of possible variants proposed theoretically and the
virtually unlimited range of possible compounds made possible via doping and alloying165-168.
Despite the extensive theoretical effort to predict the properties, the experimental
synthesis of these materials preponderantly involves modifying a single compositional or
synthesis variable, observing the changes in structure and functionalities, and making further
improvements. This approach has been inefficient in its ability to explore vast design spaces,
along with lengthy processing and optimization times for device fabrication. Further, the ability
to predict the outcomes quantitatively and provide a reasonable understanding of variable
correlations, constraints challenging reproducibility, and factors necessary to facilitate the
commercialization of MHP is deficient. Therefore, despite theoretical efforts, only a small
number of predicted MHP compositions have been experimentally fabricated in high-quality thin
film and single-crystal device level studies.
Over the past decade, several groups have illustrated how high-throughput experimentation
accelerates materials discovery through automated synthesis138,

148, 169-171

and full device-

preparation workflows124. For example, MacLeod et al. demonstrated how effective a self-driving
laboratory could fabricate and characterize MHP thin films124. This laboratory then utilizes a
software program employing a Bayesian optimization algorithm to decide the next sample to
synthesize. Such an iterative approach combining automated experimentation and machine
learning-based experiment planning has resulted in early victories in solving high-dimensional
problems in experimental physics172, chemistry173, life sciences174, and, recently, materials
sciences128.
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Until recently, solution-based combinatorial synthesis has been limited to custom designed
microfluidic or robotic manipulation systems138, 146, 169, 175. As well, the previous limiting factors
for combinatorial methods have been the availability of high-throughput characterization methods
and machine learning tools, allowing for the results to be integrated into correlative models. It
should also be noted that continuous combinatorial libraries, like those fabricated with pulsed laser
deposition, also require composition characterization because the local composition can drastically
differ from expected from the deposition process. Here, the utilization of 96-well plate-based
combinatorial libraries address these issues. Firstly, the compositions are controlled by the
pipetting process and endmember concentrations and, therefore, are determined precisely. Next,
the 96-well plate enables for simple characterization through optical spectrometry performed by
an optical plate reader. Also, this synthesis and characterization of up to 96 different compositions
can be performed at one time. Finally, the defining element of this study is the automated
exploration and characterization of vast compositional spaces and utilizing the material knowledge
to determine the optimal compositional areas to exploit for specific optoelectronic applications.
Here, we develop a workflow for the rapid synthesis and characterization of MHPs via
combinatorial synthesis in combination with rapid high-throughput photoluminescence (PL)
screenings. To gain further insight into the variability of the PL properties across the compositions,
we also utilize an approach based on multivariate statistical analyses. Then, we map the time- and
compositional-dependent optical properties and stability relationships and use the Gaussian
processing framework to determine the associated uncertainties. This investigation establishes
how the utilization of automated synthesis and the creation of data-driven machine learning (ML)
models for the accelerated discovery of large compositional space with optimized optoelectronic
properties for applications. This framework can be further extended to higher-dimensional spaces
via the evolutionary experiment optimization in future studies.
To efficiently investigate the photoluminescent properties over multidimensional
compositional spaces, we develop a workflow that combines chemical robotic synthesis,
automated characterization, and machine learning approaches, as shown in Figure 2-1. Here,
combinatorial libraries are fabricated with a pipetting robotic platform all at once in a chosen
multidimensional compositional space. With automated optical methods, optoelectronic properties
and their evolution while in ambient conditions are explored, providing insight into the band gap
energy and the stability of the resulting libraries. We utilize the machine learning technique,
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Gaussian process optimization, to interpolate the observed behaviors across the compositional
space, and the associated uncertainties could be used further to guide the selection of new
compositional points. Overall, this main objective of this workflow is an exploratory one that
prioritizes materials discovery, but this workflow could also be used for the optimization of
devices. Here, we performed only one iteration of this workflow.

2.3 High-throughput Synthesis
Here, we chose to explore several 3D ABX3 ternary and quasi-ternary perovskite systems of mixed
A cations and X anions. We chose Cs-MA-FA as the cation solutions and I- and Br- as the anions
to validate our observations with previously reported endmembers and to investigate the
optoelectronic properties and stability of each individual systems. For the combinatorial libraries
of triple cations, 92 combinations of (Cs/MA/FA)PbI3 and 92 combinations of (Cs/MA/FA)PbBr3
solid solutions are synthesized in two separate well plates. 184 combinations of
(Cs/MA/FA)Pb(I/Br)3 are synthesized in two independent well plates for the combinatorial library
of mixed cations and anions. The sample point distribution in a phase diagram for each microplate
is shown in Figure 2-2. We sampled the compositional space roughly, equally spaced,
approximately 8 at % apart, except for an edge of the phase diagram in which the compositions
are 12 at % apart.
Regarding the chemicals used in this study, methylammonium iodide (Sigma-Aldrich,
≥99%,

anhydrous),

methylammonium

bromide

(Sigma-Aldrich,

≥99%,

anhydrous),

formamidinium iodide (Sigma Aldrich, ≥99%, anhydrous), formamidinium bromide (SigmaAldrich, ≥99%, anhydrous), cesium iodide (Sigma-Aldrich, anhydrous, beads, −10 mesh, 99.999%
trace metals basis), cesium bromide (Sigma-Aldrich, 99.999% trace metals basis), lead iodide
(Sigma-Aldrich, 99.999% trace metals basis) and lead bromide (Sigma-Aldrich, 99.999% trace
metals basis) were used without further purification. Chloroform (anhydrous, ≥99%, contains 0.51.0% ethanol as stabilizer) was also purchased from Sigma-Aldrich and used without further
purification.
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Figure 2-1 A schematic of the automated workflow for the combinatorial discovery of MHP
materials. The combinatorial library is first created in a chosen multidimensional compositional
space using the pipetting robot (robotic synthesis). The precipitation of 92 microcrystals of MHP
is indicated by the change in color in a well-plate. Photoluminescent properties are measured over
the combinatorial library as a function of time (automated characterization). This data is analyzed
via machine learning methods to yield information on the time-dependent behaviors in the system
that can be further used to navigate the compositional space.
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Figure 2-2 Sample point distribution in a phase diagram for each microplate. The
compositions sampled were roughly, equally spaced, approximately 8 at % apart, except for an
edge of the phase diagram in which the compositions are 12 at % apart, to characterize the entirety
of the phase diagram.
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The 0.3 M precursor solutions of MAPbBr3, MAPbI3, FAPbBr3, FAPbI3, CsPbBr3, and
CsPbI3 are made by dissolving the precursors, i.e., AX and PbX2, in n’n-dimethylformamide
(DMF), -butyrolactone (GBL), DMF, GBL, dimethyl sulfoxide (DMSO), and DMF, respectively.
Each solution was stirred at 500 RPM for approximately 1 hour or until the precursors were
completely dissolved. Vials were then covered with aluminum foil to protect from possible light
effects. All steps mentioned here were performed under a nitrogen atmosphere. After dissolving,
precursor solutions were immediately used for the synthesis of microcrystals to avoid the effects
of ageing.
The automated synthesis of the combinatorial libraries of ternary (MAxFAyCs1-x-yPbBr3
and MAxFAyCs1-x-yPbI3) and quasi-ternary (CsxFAyMA1-x-yPb(Brx+yI1-x-y)3 and CsxMAyFA1-xyPb(Ix+yBr1-x-y)3) was performed using the Opentrons OT-2 pipetting robot (https://opentrons.com/)

and the classical 96-well microplates shown in Figure 2-1. Exact volumes of the precursors
deposited in each well of the microplate is shown in Table 2-1. Once each of the precursors was
pipetted into their respective wells, 250 L of chloroform, acting as an antisolvent to cause the
precipitation of the microcrystals, was added146,
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. Immediately after the addition of the

antisolvent, the microcrystals precipitated as indicated by the color change as shown in Figure
2-3.

2.4 Automated Photoluminescence Measurements
Recently, it has been demonstrated that dynamical processes related to MHP formation, ion
migration, phase changes, and degradation98, 121. The intrinsic stability is often explored by X-ray
diffraction (XRD)39,

176

, UV-vis absorption spectroscopy98,
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, etc. Commonly, the optical

properties of MHPs are explored with photoluminescence (PL) spectroscopy as it is a relatively
simple measurement to perform in most laboratories97, 98, 120, 177.
Utilizing PL spectroscopy with a conventional setup to characterize an entire combinatorial
library would be tedious. Thankfully, PL spectroscopy is scalable to the microgram volumes in
robotic laboratory environments; therefore, it can be incorporated into automated workflows for
materials discovery and optimization. Here, we utilized the BioTek Cytation Hybrid Multi-Mode
Reader, which is popular in biology and cell science fields, for PL spectroscopy. With this
equipment, the data collection is performed through the Gen 5TM software, which has the capability
of data processing complex arrays.
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Table 2-1 Volumes (in L) of each precursor solution in each well of the microplate. Precursor 1
is shown in black, precursor 2 in red, and precursor 3 in blue.
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Figure 2-3 Photos of the four microplates characterized in this study. The compositions of
these plates are a) CsxMAyFA1-x-yPbBr3, b) CsxMAyFA1-x-yPbI3, c) CsxFAyMA1-x-yPb(Brx+yI1-x-y)3,
and d) CsxMAyFA1-x-yPb(Ix+yBr1-x-y)3.
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The reader equips monochromators with variable bandwidths from 10-50 nm to optimize detection
conditions. The monochromator has the capability of exciting from both the top and the bottom of
the microplate. We chose to excite from the bottom of the microplate. As shown in Figure 2-4,
the top of each well could be immediately affected by the exposure to ambient conditions. By
exciting from the bottom, there is more time to explore degradation mechanisms. The PL
measurements were performed with an excitation wavelength of 450 nm and measured over the
range of 500 to 799 nm with steps of 10 nm. All measurements were performed in a sweep mode,
enabling for the characterization of an entire plate within 5-7 minutes.
These measurements were performed every 10 minutes for approximately 6 hours to
develop a time- and compositional-dependent dataset of the optoelectronic properties and intrinsic
stability in ambient conditions of the chosen system. Here, we do not focus on the optimization of
optoelectronic properties, but, instead, on the exploration of vast compositional spaces and time
evolution of PL properties, i.e., PL aging. While we investigate materials level stability only, this
is an absolute prerequisite for device stability.
First, we investigate the PL properties of the four different perovskite systems before
prolonged exposure to ambient conditions. Upon an initial inspection, we can conclude about what
regions of the phase diagram would be optimal for certain applications based on the bandgap. The
initial PL spectra of the microcrystals immediately after precipitation is shown in Figure 2-5. In
each panel, the compositional-dependent PL spectra of the 92 different compositions is shown. It
is obvious to observe how the emission wavelength shifts significantly in the quasi-ternary systems
with varying halide concentrations. However, it is particularly challenging to recognize trends
caused by alloying with this visual representation. Therefore, to gain insight into the variability of
the PL properties across the compositional spaces, we utilize an approach based on multivariate
statistical analysis.

2.5 Incorporation of Machine Learning
Our synthesis and characterization yield a set of spectra as 𝐴(𝑥, 𝑦, 𝜔, 𝑡), where A is the PL
emission, x and y define the composition,  is the wavelength, and t is the time since synthesis.
The first step in gaining insight into the compositional dependence of optoelectronic properties is
to define the initial PL spectra 𝐿0 (𝑥, 𝑦, 𝜔) = 𝐿(𝑥, 𝑦, 𝜔, 0) and to analyze the dataset using
unsupervised linear unmixing methods.
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Figure 2-4 Side view of the well-plate. Here, we observe a gradient of perovskites that have
interacted with ambient conditions (at the top) to the perovskites yet to interact with the air (at the
bottom).
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Figure 2-5 Characteristic PL properties of 4 different plates at time zero in a) CsxFAyMA1-xyPbBr3,

b) CsxFAyMA1-x-yPbI3, c) CsxFAyMA1-x-yPb(Brx+yI1-x-y)3 and d) CsxMAyFA1-x-

yPb(Ix+yBr1-x-y)3

systems. The color change in each panel represents different concentration of

precursors.
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These generally include techniques, such as Principal Component Analysis (PCA), Non-negative
Matrix Factorization (NMF), and Independent Component Analysis (ICA). The choice of
decomposition method is dictated by the physical constraints on endmembers and loading maps.
Therefore, we chose NMF because it produces non-negative components and decomposes the
initial time spectra as
𝑁

𝐿0 (𝑥, 𝑦, 𝜔) = ∑ 𝐿𝑖 (𝑥, 𝑦)𝑤𝑖 (𝜔)

(2-1)

𝑖=1

where Li(x,y) are the loading maps, representing the variability of spectral behaviors across the
compositional space, and wi() are the endmembers, determining the characteristic spectral
behaviors.
The number of components, N, is chosen by the operator based on the knowledge of the
system. Here, we chose the number of components subjectively by visually inspecting the loading
maps as the number of components is increased. However, the “optimal” number of components
can be obtained analytically by calculating the error between the NMF decomposition and the
actual matrix. The error difference, 1, is calculated by subtracting the error for N + 1 components
by N components. This is done for N + k components, generating a list of error difference values.
Once 1 ceases to change substantially, the assumption is made that the approximation could not
be improved by adding more components.
We note that blind linear separation methods explicitly assume that the nature of the
characteristic behaviors, wi(), is unknown. If the behaviors are assumed to be known e.g.,
comport with the spectra of pure endmembers, then (2-1) becomes a linear regression model, and
the additional unknown components can be introduced to account for chemical reactivity and the
formation of new compounds. These approaches are expected to be beneficial for
spectrophotometric data, i.e., optical absorption. However, this is not applicable for the PL data
that can exhibit complex behavior as a function of composition, crystallinity, defect properties,
and environmental stability. Therefore, we use unconstrained linear blind separation to allow for
possible chemical reactions and morphological evolution within the system. Concurrently, we limit
the analysis to the linear unmixing as a natural first approximation.
Then, we use Gaussian processing (GP) regression to interpolate between the NMF
components [43,44]. GP is a general approach for determining an unknown function, f, from a set
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of noisy observations D = (x1, y1),…, (xN, yN). The constraints placed on the GP model are very
general, and it is assumed only that the observational noise  has zero mean. From the observations,
the function f is constructed via Bayesian inference in a function space. Here, it is assumed that
the function f has a prior distribution f ~ gp(0, Kf(x,x’)), where Kf is a kernel function. The kernel
describes the correlations between the values of the function across the parameter space. We
postulate the functional form of the kernel at the beginning of the process, whereas the kernel
hyperparameters are optimized during the regression, y = f(x) + . Then, the learned kernel is used
for predicting function values at new points. Typically, the choice of kernel is dictated by the
known physical constraints on the system; in the cases when prior knowledge is absent, the typical
option is the Gaussian kernel, which corresponds to a Bayesian linear regression model with an
infinite number of basis functions154. The output of the GP regression is the predicted function
values and the uncertainty maps represent the quality of prediction. As well, the learned kernel
parameters can yield information on the physics of the system. Here, we note that because GP is
formulated in a Bayesian setting, the uncertainty quantification is inherent in GP-based methods.
This has been the primary motivation for choosing this method instead of readily available simpler
interpolation schemes as the uncertainty allows for the formulation of the strategies for exploratory
and exploration-exploitation searches through compositional spaces as will explored in the future.
In this study, we use GP as a universal interpolator to convert the set of measurements in
the compositional space into dense maps of functional responses. The GP interpolation is
implemented using the GPim library in Python. We visualize the functional behaviors in ternary
diagrams using the ternary library.

2.6 Initial Photoluminescence Behavior
To map the compositional-dependent PL properties of each system before prolonged exposure to
ambient conditions, we utilize the combined NMF-GP analysis; however, we first must determine
the number of components, N, for the decomposition of the initial PL spectra. We chose N = 2
because it was the simplest representation of variability for each system. For example, the loading
maps for the decomposition with different Ns of the CsxFAyMA1-x-yPb(Brx+yI1-x-y)3 quasi-ternary
system at time zero is shown in Figure 2-6. As mentioned previously, an indicator that N is too
large is the observation of the splitting of components, indicating that we are not gaining more
information from the extra components. As the number of components is increased from 1 to 2,
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we observe the description of a new area of the phase diagram, indicating that the increase is
beneficial. If the number of components is increased to 3, we see the first component from N = 2
is split into the first and third components, signifying that the decomposition is performed with too
many components. This trend continues as the number of components increased. We confirmed
these visual observations by the analytical approach as well. Therefore, N = 2 was chosen for the
decomposition of the time zero datasets.
Illustrated in Figure 2-7 is the combined NMF-GP analysis of the ternary and quasi-ternary
systems at time zero. Here, the phase diagrams represent 𝐿𝑖 (𝑥, 𝑦), where x and y are the
compositions of the precursors, and Li is the weight of the characteristic PL spectrum for each area
of the phase diagram. For example, the high intensity areas of the phase diagram, indicated by red,
in the inset of Figure 2-7a) have the associated PL spectrum in Figure 2-7a). This signifies how
FAPbBr3-rich compositions doped with small amounts of MAPbBr3 and CsPbBr3 have a single
PL peak centered at 550 nm. This result is consistent with the literature, as the bandgap of FAPbBr3
is about 2.13 eV, suggesting a PL peak centered at 580 nm150, but the peak would be slightly blueshifted due to the small amounts of MA and Cs. We continue to observe shifts in peak positions
as the system is further alloyed with Cs. As shown in Figure 2-7b), the PL peak is centered at
approximately 540 nm for CsPbBr3-rich compositions as expected178. In the literature, it is well
established that the bandgap can be tuned both through cation and halide substitution179. We further
confirm how the effect of cation alloying can affect the bandgap by analyzing the MAxFAyCs1-xyPbI3

system as well. Consistent with the literature, MAPbI3 rich compositions have a PL peak

centered at approximately 800 nm, as shown in Figure 2-7c)180. As the incorporation of Cs
increasing in the solid solution, we observe the PL shift towards lower wavelength (Figure 2-7d)),
as expected181.
In the quasi-ternary systems, CsxFAyMA1-x-yPb(Brx+yI1-x-y)3 and CsxMAyFA1-x-yPb(Ix+yBr1x-y)3,

we observe the compositional tuning of the bandgap caused by substituting bromide with

iodide and vice versa. In the CsxFAyMA1-x-yPb(Brx+yI1-x-y)3, as shown in Figure 2-7e) the bromiderich compositions have a PL peak centered approximately at 550 nm, as expected 150,178. As more
iodide is incorporated, forming a mixed cation and mixed halide solid solution, the PL peak shifts
toward higher wavelengths, approximately centered around 650 nm, as shown in Figure 2-7f). We
observe distinct halide segregation when analyzing the CsxMAyFA1-x-yPb(Ix+yBr1-x-y)3 system.
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Figure 2-6 Visual comparison for determining the correct number of components for Nonnegative Matrix Factorization (NMF) for the CsxFAyMA1-x-yPb(Brx+yI1-x-y)3 quasi-ternary
system at time zero.
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Figure 2-7 Multivariate analysis of the PL data immediately after synthesis for the explored
compositional spaces: a,b) MAxFAyCs1-x-yPbBr3, c,d) MAxFAyCs1-x-yPbI3, e,f) CsxFAyMA1-xyPb(Brx+yI1-x-y)3

and g,h) CsxMAyFA1-x-yPb(Ix+yBr1-x-y)3. The PL spectrum shows the

characteristic behavior for each composition series. The ternary inset plots are the loading maps
that represent the variability of the spectral behaviors across the compositional space. Specifically,
the intensity of the color map indicates how the characteristic spectrum describes that composition.
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For example, as shown in Figure 2-7g), there are distinct regions in the phase diagram where the
characteristic PL behavior is a peak centered around 550 nm, indicating compositions that have
undergone halide segregation upon synthesis and would not be suitable for optoelectronic devices.
The majority of this system, represented by dark blue in the inset of Figure 2-7g), does not exhibit
halide segregation because the weight of this characteristic PL spectrum is approximately zero.
Conversely, the red dots within the same phase diagram indicate where this characteristic spectrum
is heavily weighted, denoting where halide segregation occurs in compositional space. If the GP
analysis was not performed along with the NMF decomposition, there would be sample points
within the phase diagram instead of the continuous image, as shown in Figure 2-8, because GP
interpolates the weights between each sample point. Conversely, the second component (Figure
2-7h)) establishes that the majority of this system is a solid solution not experiencing halide
segregation with a peak wavelength around 720 nm. Overall, this analysis can provide crucial
information about the optimal compositions for certain optoelectronic applications.
Next, we can utilize this data to analyze the compositional dependence of the bandgap
energy. Here, the position of the photoluminescence maximum is used as a measure of the
bandgap, and the concentration of the latter can be analyzed. We use the simple linear estimator
to explore the cation and anion effects on the bandgap. For example, for the pure Br system, the
linear regression Eg = aBrx + bBry + cBr, where x and y correspond to the concentrations in
MAxFAyCs1-x-yPbBr3, producing aBr = -0.046, bBr = -0.1, and cBr = 2.33. Similarly, the
corresponding parameters for the MAxFAyCs1-x-yPbI3 are aI = -0.041, bI = 0.021, and cI = 1.58,
satisfying the Vegard’s law for bandgap energy as a function of cation concentrations in MHPs.
In the quasi-ternary systems, CsxFAyMA1-x-yPb(Brx+yI1-x-y)3 and CsxMAyFA1-x-yPb(Ix+yBr1x-y)3,

the compositional dependence of the bandgap energy can be investigated similarly, although

for specific parameter combinations. Shown in Figure 2-9a) is a comparison of the linear
prediction and the actual bandgap energies for the two systems. We observe a general agreement
between the predicted and the actual bandgap energy from the measurements, with a small
deviation from Vegard’s law and a near-linear behavior in the bandgap energy. Similar trends for
studying the compositional tuning of bandgap energies in binary mixed halide systems have also
been explored25, 182.
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Figure 2-8 Complementary maps to Figure 2-7. The triangle maps demonstrate the analysis of
PL responses prior to GP interpolation.
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At the same time, the analysis of the quaternary diagram created by the combination of the data
produced by all four plates illustrates a significant deviation from the linear model, as shown in
Figure 2-9b), indicating the formation of more complex solid solutions and potential chemical
segregation in higher-dimensional composition space.

2.7 Time-dependent PL Behavior
Next, we explore the time- and compositional-dependence of the PL behavior, providing insight
into the stability of these perovskites in ambient conditions. Figure 2-10 illustrates several
representative time-dependent photoluminescent behaviors. For example, as shown in Figure
2-10a), the binary cation composition, MA0.84FA0.16PbBr3, exhibits PL enhancement within the
first 3 hours, indicating possible passivation of potential trap states as time progress under ambient
conditions in agreement with previous PL studies121. The PL intensity gradually decreases over
the remaining 3 hours; however, even after 6 hours of exposure to ambient conditions, the peak
does not entirely disappear, signifying that this binary composition did not fully degrade.
Conversely, the PL intensity for the quasi-ternary composition, MA0.6FA0.32Cs0.08PbI2.04Br0.96,
presents a more complicated behavior, as shown in Figure 2-10b). For this composition, there is
a combination of a peak intensity enhancement, peak position shift, peak separation, eventual
decrease in peak intensity, and, finally, the complete disappearance of the peak after prolonged
exposure in ambient conditions, indicating full degradation of this perovskite composition. We
note that this peak shift and peak separation as time progresses is indicative of phase separation in
this iodide-rich system97. In the same quasi-ternary system, a composition more MA-rich and less
FA- and Cs-rich than in Figure 2-10b) exhibits similar PL behavior, as shown in Figure 2-10c);
however, at the end of the measurements, the peaks have not entirely disappeared. Noticeably, we
observe the significant effect of mixed halides on the instability of such compositions. For
example, the composition, MA0.2FA0.72Cs0.08PbI0.6Br2.4, in the bromide-rich mixed halide systems
exhibits a slight peak shift towards lower wavelengths as the peak intensity gradually increases, as
shown in Figure 2-10d); therefore, the final composition remains stable. Conversely, in the same
quasi-ternary system, MA0.44FA0.48Cs0.08PbI1.32Br1.68 demonstrates different PL behavior, as
shown in Figure 2-10e). There, the PL peak gradually shifts 100 nm toward lower wavelengths,
without the apparent peak splitting, while the peak intensity changes.
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Figure 2-9 a) Comparison of the linear prediction and actual bandgap for the CsxMAyFA1-xyPb(Ix+yBr1-x-y)3

(red) and CsxFAyMA1-x-yPb(Brx+yI1-x-y)3 (blue) systems. b) Comparison of linear

prediction and actual bandgap of the interpolated quaternary system. The green line is plotted to
show the deviation from slope 1 and the root mean squared error (RMSE) is calculated for
evaluating the quality of the surrogate model.
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Figure 2-10 Time dependent PL spectra for several compositions in ambient condition: a)
MA0.84FA0.16PbBr3, b) MA0.60FA0.32Cs0.08PbI2.04Br0.96, c) MA0.68FA0.28Cs0.04PbI2.04Br0.96, d)
MA0.20FA0.72Cs0.08PbI0.60Br2.40,

e)

MA0.44FA0.48Cs0.08PbI1.32Br1.68

MA0.36FA0.56Cs0.08PbI3.
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and

f)

This final decomposed composition also remains stable; however, it would potentially not
be suitable for certain applications as the final product is drastically different than the starting
composition. Finally, in the ternary system, for the composition, MA0.36FA0.56Cs0.08PbI3, we
observe an initial broad PL peak that gradually decreases in intensity, as shown in Figure 2-10f).
Eventually, a small peak shift follows this to higher wavelengths until the peak splits and
disappears, indicating that this composition is not stable in ambient conditions.
As illustrated in Figure 2-10, the time dynamics of the PL behavior in the multicomponent
systems are very complex, as a result of simultaneous processes of crystallization, defect healing,
compositional changes induced by the preferential I- oxidation in ambient conditions, and chemical
degradation. Similarly, it is difficult and time-consuming to study the PL behavior of each
individual composition in these large compositional spaces separately. Therefore, to explore the
time- and compositional-dependent PL behavior systematically, we extend the analysis in (2-1)
toward the joint analysis of the spectral and time domain. We analyze the full L(x, y, , t) data set
using NMF via the decomposition
𝑁

𝐿0 (𝑥, 𝑦, 𝜔, 𝑡) = ∑ 𝐿𝑖 (𝑥, 𝑦)𝑔𝑖 (𝜔, 𝑡)

(2-2)

𝑖=1

where Li(x, y) are the loading maps that represent the variability in behaviors across the
compositional space and gi(, t) are the endmembers that determine the characteristic behaviors
in the time-spectral domain. Similar to the analysis of the initial PL behavior before exposure to
ambient conditions, the loading maps are represented via a ternary phase diagram after GP
interpolation. In contrast, the endmembers are visualized via 2D representations.
Before exploring the PL evolution of each system, we determine the number of components
similar to the process described previously for the initial PL data set. We visually compare the
loading maps utilizing different Ns for the CsxFAyMA1-x-yPb(Brx+yI1-x-y)3 shown in Figure 2-11 as
an example. Here, we chose N = 3 as it describes the majority of the phase diagram without splitting
the components. For example, when N = 4, the first components splits into two, indicating that this
number of components is too high. For all systems, we utilize N = 3.
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Figure 2-11 Visual comparison for determining the correct number of components for Nonnegative Matrix Factorization (NMF) for the CsxFAyMA1-x-yPb(Brx+yI1-x-y)3 quasi-ternary
system for the time-dependent dataset.
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Employing this strategy, we begin by examining the time evolution of PL properties of the
pure bromine ternary phase system, MAxFAyCs1-x-yPbBr3. As shown in Figure 2-12a,d), the first
component illustrates how the solid solutions of MAPbBr3, FAPbBr3, and CsPbBr3 have a PL
emission wavelength between 540 and 550 nm. These compositions experience an increase in PL
intensity in ambient conditions as time progresses. Increasing PL intensity in ambient conditions
has been previously attributed to a boost in the carrier radiative recombination rate or defect
healing120. FAPbBr3-rich compositions exhibit a different evolution in PL behavior as shown in
the second component, Figure 2-12b,e). Here, we first observe a broad PL emission between 530
and 570 nm. The PL intensity gradually decreases after roughly 3 hours, an indication of
compositional degradation. Finally, the third component, shown in Figure 2-12c,f), the CsPbBr3rich compositions have a much narrower PL emission centered around 530 nm, indicating these
compositions have a higher bandgap emission and possibly higher crystallinity183. Even though
the PL intensity begins to decrease, this compositional region remains stable during prolonged
exposure to ambient conditions.
Next, we investigate the time evolution of PL behavior of the pure iodide ternary phase
system, MAxFAyCs1-x-yPbI3. The first component (Figure 2-12g,j)) describes the behavior of
MAPbI3-rich compositions and a region of solid solutions between MAPbI3, FAPbI3, and CsPbI3.
This area begins with a high intensity PL peak centered around 800 nm and over time, the intensity
of this peak decreases and eventually disappears, indicating full degradation. In the second
component (Figure 2-12h,k)), we observe how FAPbI3-rich compositions and solid solutions
between FAPbI3 and CsPbI3 exhibit a slow increase in PL intensity that begins to decrease as time
progresses. This area appears to be relatively more stable as compared to the other regions of the
phase diagram, and this is in agreement with the literature in which it has been observed that low
cesium doping of FAPbI3 is effective in the stabilization of FAPbI3 in nonideal conditions22, 184.
Finally, the third component (Figure 2-12i,l)) illustrates how solid solutions of FA-triple cation
compositions exhibit an increase in PL intensity, followed by an abrupt decrease. In general, this
analysis confirms that compositions in the ternary cation lead bromide system are relatively more
stable that the compositions in the ternary cation lead iodide system, possibly because of the
limited formation of superoxide species in ambient conditions25,
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. Furthermore, we offer a

possible strategy in cation or anion management through this analysis to successfully guide the
selection of compositions with higher stability or crystallization in such ternary systems.
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Figure 2-12 The multivariate analysis of the stability in a-f) MAxFAyCs1-x-yPbBr3 system and
g-l) MAxFAyCs1-x-yPbI3 system. Shown as ternary diagrams are the compositional dependencies
of the component intensities (top rows) and 2D NMF components (bottom rows). The 2D plots
describe the PL behavior of the corresponding phase diagram (represented by a non-zero weight)
as a function of wavelength and time. For the ternary phase diagrams, the color is indicative of
how the characteristic PL behavior over time describes that compositional region. For the 2D plots,
the color describes the intensity of the PL peak.
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We progress further by investigating the evolution of PL behavior during prolonged
exposure to ambient conditions of the two quasi-ternary systems: bromide-rich CsxFAyMA1-xyPb(Brx+yI1-x-y)3

and iodide-rich CsxMAyFA1-x-yPb(Ix+yBr1-x-y)3. The first component of the

CsxFAyMA1-x-yPb(Brx+yI1-x-y)3 system is shown in Figure 2-13a,d). In this component, we observe
a shift in bandgap energy of the mixed iodide-bromide solid solutions toward lower wavelengths
with a growing intensity of the PL emission as time progresses. The resulting PL spectra of this
compositional region is similar to that of the MAxFAyCs1-x-yPbBr3 system, signifying firstly halide
segregation and eventual degradation of the iodide-rich regions, leaving only bromide-rich
perovskite compositions. For a region of solid solutions between MAPbI3 and FAPbBr3 (Figure
2-13b)), the 2D NMF endmember shown in in Figure 2-13d) illustrates a significant blue shift,
clearly indicating phase separation over time and, here, ultimately degrading. Generally, the blue
shifting of the PL peak of these bromide-rich mixed halide perovskites (Figure 2-13d,e)) once
exposed to ambient conditions is in agreement with previous reports121. Finally, the third
component (Figure 2-13c,f)) focuses on a small region of MAPbI3-rich compositions that have
an initial emission wavelength around 770 nm. Over time, the PL emission slightly redshifts and
finally disappears. Overall, we conclude that in this system, the CsPbBr3- and FAPbBr3-rich
regions are relatively more stable because the PL peak positions do not change, and the PL
intensity increases as a function of time. This observation is confirmed by analyzing at individual
compositions as well. For example, shown in Figure 2-10d), MA0.20FA0.72Cs0.08PbI0.60Br2.40
exhibits this behavior, i.e., an increase in intensity and limited peak shifts. Conversely, the
remainder of this phase diagram experiences prominent peak shifts along with a decrease in PL
intensity, indicating limited stability in ambient conditions.
Finally, the iodide-rich CsxMAyFA1-x-yPb(Ix+yBr1-x-y)3 system demonstrates a wide variety
of PL behavior across the compositional space. First, the small CsPbI3-rich region shown in the
first component (Figure 2-13g,j)) has a broad PL emission between 500 and 600 nm, indicative
of either the formation of the -CsPbI3 or the lack of phase formation, leaving only PbI2. We
conclude this from the initial yellow precipitates after antisolvent application along with the PL
spectrum shown in Figure 2-14. Next, we observe another instance of halide segregation in the
second component (Figure 2-13h,k)).
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Figure 2-13 The multivariate analysis of the stability in quasi-ternary a-f) CsxFAyMA1-xyPb(Brx+yI1-x-y)3

and g-l) CsxMAyFA1-x-yPb(Ix+yBr1-x-y)3 systems. Shown as ternary diagrams are

the compositional dependencies of the component intensities (top rows) and 2D NMF components
(bottom rows), describing the PL behavior of the corresponding phase diagram (represented by a
non-zero weight) as a function of wavelength and time. The color of the ternary phase diagram is
indicative of how the characteristic PL behavior over time describes that compositional region. In
the 2D plots, the color describes the intensity of the PL peak.
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Here, the evolution of PL behavior of solid solutions of MAPbI3, CsPbI3, and FAPbBr3 is a slow
emission shift toward lower wavelengths and eventual disappearance. In the third component
(Figure 2-13I,l)), MAPbI3-rich solid solutions experience a decrease in PL intensity as time
progressing, indicating eventual degradation of these compositions. Overall, this analysis of the
quasi-ternary systems illustrates how most solid solutions in mixed halide perovskites experience
compositional changes possibly caused by preferential I- oxidation in ambient conditions, phase
separation toward more stable components, and ultimately experience chemical degradation.
Halide segregation induced by exposure to ambient conditions has been widely reported120, 185. For
example, Knight et al. detailed how halide segregation dynamics are strongly influenced by the
atmospheric environment121. Overall, these studies explain how the wavelength shifts observed in
the 2D NMF components of mixed halide samples shown in Figure 2-13 are instances of halide
segregation. In general, we observe that the PL emission of mixed halide perovskite systems is
more likely to shift as a function of time, while this is not the case in the single-anion iodide or
bromide systems shown in Figure 2-12.
We note that although the general trends observed here agree with limited compositional
systems studied in the literature to date, it is well established that materials processing can affect
the intrinsic stability of MHPs. Therefore, it is important to considering these materials processing
factors, such as antisolvents, solvents, annealing time, annealing temperature, excess precursors,
synthesis environment, etc., when comparing stable compositions here with ones in the
literature186-188. While this experimental workflow is beneficial in accelerating the discovery of
more stable areas in the phase diagram, more studies are necessary to explore the role of other
parameters in materials processing. For example, Gu et al. illustrated the effect of antisolvents of
the formation of a few MHP compositions through a high-throughput approach148. Later, in Error!
Reference source not found., we discuss how antisolvent engineering affects the stability of
different perovskite systems during exposure to ambient conditions.
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Figure 2-14 PL spectra of CsPbI3 microcrystals as function of time. We observe a broad peak
around the 500-600 nm region with extraneous peaks at higher wavelengths. In combination with
the color of the precipitates, this spectrum indicates the formation of PbI2 microcrystals instead of
CsPbI3. Overall, this is indicative of this composition being unstable before exposure to ambient
conditions.
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2.8 Summary
Here, we demonstrate how robotics-assisted materials synthesis combined with machine learning
approaches can explore vast compositional spaces in MHPs. We accomplished this through the
utilization of a pipetting robot and a Multi-mode well plate reader to automate synthesis and
characterization of a large number of compositions simultaneously. Next, we developed a
workflow to explore the PL properties and intrinsic stability of MHPs in ambient conditions and
applied it to four perovskite materials systems: MAxFAyCs1-x-yPbBr3, MAxFAyCs1-x-yPbI3,
CsxFAyMA1-x-yPb(Brx+yI1-x-y)3, and CsxMAyFA1-x-yPb(Ix+yBr1-x-y)3. Impressively, the fabrication
and characterization of time-dependent PL behavior of 368 MHP compositions only took
approximately 4 days.
As mentioned previously, the monitoring of PL properties is an established, effective
strategy for obtaining insight into the optoelectronic qualities of MHPs189; however, PL properties
are difficult to predict for a sizable compositional space. Here, we quickly mapped the PL
properties as the entire optical characterization of a 96-well plate takes approximately 5 minutes
for each system; therefore, we established a composition-properties relationship for a large number
of compositions across a specific phase diagram. In combination with machine learning
techniques, specifically NMF and Gaussian process, we further gained information into the
variability of the optical bandgap and PL properties across the compositional series. We have
estimated the Bayesian uncertainty model to assess how well the GP model fits the experimental
data. The uncertainty maps for each three components in Figure 2-12a-c) are shown in Figure
2-15. In general, the uncertainty is low except for the region with large uncertainties, which is
caused by the large spacing between measurements in the parameter space. The resulting RMSE
values have indicated the high quality of the GP prediction. Overall, this workflow is an
exploratory one; however, combined with materials knowledge in the literature, conclusions can
be drawn about the characteristics of the chosen perovskite systems. For example, the interpolative
regression analysis of the PL properties assists in distinguishing mixtures that form solid solutions
from those that segregate into multiple phases in ambient conditions. As well, the effect of alloying
on PL emission wavelengths, and therefore bandgaps, is found to be near-linear along certain
compositional axes.
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Figure 2-15 The estimated Bayesian uncertainty for the assessment of GP model for the
three components in Figure 2-13a-c). The resultant root mean squared error (RMSE) calculated
for each component is also shown. The line with large uncertainties is related to large spacing
between measurement points in the parameter space.
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Ordinarily, significant scientific progress is hindered by the utilization of trial-and-error
approaches, which are when one variable is changed at a time and then the result is measured.
Here, automated combinatorial synthesis and characterization allows for the opportunity to
accelerate this approach by more than 2 order of magnitude for the fabrication of MHPs with large
compositional spaces. Here, we advance this field of study by demonstrating a proof of concept
for the development of an automated workflow that incorporates chemical robotics synthesis and
machine learning to explore the evolution of photoluminescent behavior of MHPs. We illustrate
how a combination of laboratory automation and machine learning can be utilized together for the
rapid mapping of both concentration-dependent physical properties and long-term stability. This
workflow is a required step to guide materials synthesis and to gain information into the overall
behavior of the complex phase diagram of mixed perovskites. The incorporation of experimental
optimization methods, i.e., those based on Gaussian processes, enable the transition from
combinatorial synthesis to future guidance of materials research and optimization. Consequently,
this experimental framework reveals a pathway for the discovery of new MHPs with optimized
properties for multifunctional optoelectronics.
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Chapter 3 Exploring the Physics of Cesium Lead Halide
Quantum Dots utilizing Chemical Robotics and Bayesian
Inference
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3.1 Abstract
Because of their desirable optoelectronic properties, metal halide perovskite (MHP) quantum dots
(QDs) are promising candidates for applications in light-emitting diodes (LEDs), scintillators, and
other photonic devices. Automated synthesis platforms equipped with an optical reader have made
it possible to perform high-throughput studies, exploring both how both composition and materials
processing factors affect the photoluminescent behavior of QDs. Here, we investigate the
compositional dependence of the PL behavior and intrinsic stability of a combinatorial library of
cesium lead halide (CsPbX3) perovskites QDs via an automated platform. We explore the timedependent PL properties and stability of synthesized QDs in binary and ternary configurations
utilizing previously developed machine learning analysis presented in Chapter 2. We introduce a
Bayesian inference framework to further explore the PL behavior of the ternary CsPbX3 QD
system systematically. This framework finds the probabilistic fit of multiple models to the PL data
and establishes both the optimal model and the model parameters robustly. Further, these behaviors
can then be used as a control parameter for the future navigation of higher-dimensional
compositional spaces. Our analysis illustrates the nonuniformity of the PL peak behavior in the
ternary CsPbX3 QD system. As well, it confirms the narrow size distribution and good quality of
CsPbBr3 QDs that have been alloyed with low concentrations of iodide and chloride. This chapter
is revised based on an article published by Amanda Heimbrook, Kate Higgins (co-first author),
Sergei V Kalinin, Mahshid Ahmadi in Nanophotonics 2020, DOI: 10.1515/nanoph-2020-0662.

3.2 Introduction
Recently, there has been an increasing interest in nanostructured metal halide perovskites (MHPs),
in particular, quantum dots (QDs)129, for a variety of optoelectronic applications, such as lightemitting diodes (LEDs)190,
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, scintillators192-194, solar cells195, etc. because of the superior

properties of perovskite quantum dots (PQDs) as compared to their bulk counterparts. Typically,
PQDs have low trap densities and therefore high color purity, exhibit high photoluminescence
quantum yield (PLQY) efficiency, and have a tunable and narrow emission wavelength 196. The
size of the PQDS is dependent on the types and the amount of long-chained ligands added to the
perovskite solution, allowing for precise and facile tunability for encapsulation. PQDs are typically
categorized into groups: all inorganic and hybrid organic-inorganic halide perovskites. All
inorganic PQDs, which have a general formula of CsPbX3 (X = I, Br, Cl) are known to be more
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relatively more stable than the hybrid organic-inorganic halide perovskite QDs, such as APbX3
(A: MA or FA; X = I, Br, Cl)196.
Hot injection and ligand-assisted reprecipitation (LARP) are commonly used methods to
synthesize all inorganic PQDs196-198. The hot injection method is usually performed at an elevated
temperature to create a supersaturated mixture that is then rapidly cooled in an ice bath, producing
a multitude of small nuclei and results in nanocrystals197. An advantageous aspect to this technique
is that the solution temperature controls the size and emission wavelength of the PQDs.
Comparatively, the ligand-assisted reprecipitation (LARP) requires less energy and specialized
equipment than the hot injection technique to synthesize QDs196, 198. Depending on the composition
of the perovskite, this process can be performed at temperature as low as room temperature and
still demonstrate quantum confinement effects198, 199. Typically, the perovskite precursor solution
is made utilizing an organic solvent, such as n’n-dimethylformamide (DMF) or dimethyl sulfoxide
(DMSO)
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. Ligands, such oleic acid (OA) and oleylamine (OAM) are commonly added at

different ratios in conjunction with an antisolvent under vigorous stirring to create luminescent
QDs198.
Although the above techniques are widely successful in synthesizing high-quality QDs,
subtle differences in fabrication can alter the size and shape of the QDs, therefore affecting the
optical performance169,

196

. Furthermore, the synthesis using both techniques can be time-

consuming and tedious to explore large compositional spaces and optimize the protocol, possibly
leading to a lack of reproducibility and an increase in the cost of production. Over the past few
years, microfluidic platforms have utilized to accelerate the fabrication of PQDs and improve
reproducibility169,200. These platforms improve the synthesis process by more efficient mixing,
reduced cost of materials, high heat and mass transfer, high surface to volume ratio, temperature
control, and continuous production200. Microfluidics can also enable the systematic exploration
and precise control of composition, concentration, flow rate, reaction time, and temperature169.
While this approach is useful in the exploration of an optimized synthesis reaction, it has not yet
been utilized to explore large compositional spaces at once169.
Current PQDs have shown excellent promise due to their high PLQY and extended
lifetime, there is still a search for compositions with optimal properties and stability over extended
periods of time. In this study, we evaluate the utility of a micropipetting robotic platform to explore
a broad range of conditions and techniques to automate the synthesis of binary and ternary cesium
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lead halide (CsPbX3, X = I, Br, Cl) QDs at room temperature without any post-synthesis
processing. Through this automated pipetting technique, derived from the synthesis of
combinatorial libraries of MHP microcrystals201, we synthesize, characterize, and compare
multiple compositions and properties of interest using a previously described (Chapter 2) machine
learning (ML) analysis framework201. The quality of the QDs can be largely characterized by the
photoluminescence (PL) properties and quantum yield calculations196. The PL emission, including
the shape, intensity, position, and width, provide information about the optical properties, such as
polydispersity and purity, of PQDs. Thus, we develop a Bayesian Inference approach to define the
optimal model for the PL emission and map the model and model parameters across the
compositional spaces. These model parameters allow for a more comprehensive understanding of
the chemical and physical behavior of the systems and can be utilized to further navigate higherdimensional chemical spaces.

3.3 Robotic Quantum Dot Synthesis
In this study, we modified the ligand-assisted reprecipitation (LARP) method to fit our
micropipetting robot’s capabilities for the automated synthesis of binary and ternary combinatorial
libraries of CsPbX3 QDs. Our approach is similar to other microfluidic platforms, enabling the
accelerated exploration of large compositional spaces while also maintaining control over many
aspects of synthesis. In addition, this modified method could be utilized to synthesize other PQDs,
such as hybrid organic-inorganic PQDs. It is also highly reproducible.
Firstly, CsBr (99.999% trace metals basis), PbBr2 (99.999% trace metals basis), PbCl2
(anhydrous, 99.999%), oleylamine (technical grade, 70%), oleic acid (99%, GC), toluene
(anhydrous, 99.8%), n’n-dimethylformamide (anhydrous, 99.8%), dimethyl sulfoxide (anhydrous,
>99.9%) were all purchased from Sigma Aldrich. CsCl (99.999+%, metals basis), CsI (anhydrous,
beads, 99.999% trace metals basis), PbI2 (ultra-dry, 99.999%, metals basis) were purchased from
Alfa Aesar. All materials were used without further purification. Each precursor solution (0.04 M)
was prepared according to an established procedure202 at 35 C in a nitrogen rich environment.
The solvent used for CsPbBr3 and CsPbI3 solutions was DMF, while the solvent for the CsPbCl3
solution is DMSO.
We utilized an Opentrons OT-2 pipetting robot for the automated synthesis of CsPbX3
QDs. The protocol was written in Opentron’s protocol designer that converts the visual interface
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into Python code for the seamless dispensing and mixing of the precursor solutions in a 96-well
plate. For the ternary system, a total of two 96-well plates was used. One plate was utilized to
make the precursor solutions, consisting of the ligands and perovskite solution. In each well, there
was a total of 100 L of perovskite solution, 10 L of OA, and 4 L of OAm. The exact volumes
deposited into each well are shown in Table 3-1. The solution in each well was then mixed using
the mix function of the pipetting robot. 30 L of the solution in each well was then transferred to
the same well of a different plate, which was placed on top of the temperature module set at 35 C.
Finally, 300 L of the antisolvent, toluene, was deposited into each well to precipitate the QDs.
We utilized two plates, one for a stock solution and the final QD plate, to cooperate with the
accuracy limitations of the pipetting robot.
For the binary systems, the difference between each composition is approximately 1 at%.
In total, four plates were used for the synthesis of each system to produce 100 samples. By
doubling the number of plates used, we sample the entire phase diagram uniformly since we were
limited by the number of wells. For example, for the synthesis of the binary system CsPb(Br xI1x)3,

the first two plates were utilized to fabricate CsPbBr3 to CsPb(Br0.50I0.50)3 QDs, while the other

two are used for the synthesis of the region, CsPb(Br0.50I0.50)3 to CsPbI3. Therefore, the combined
plates produce 102 samples or 101 unique compositions. The exact precursor volumes for each
well are shown in Table 3-2 and Table 3-3. Like the ternary plates, 100 L, in total, of the
perovskite solution, 10 L of OA, and 5 L of OAM to make the precursor solutions. The solution
is then mixed using the pipette. Once mixed, 30 L of the precursor solution is transferred to the
well plate on the temperature module at 35 C. Then, 300 L of toluene is then added to each well
to cause the precipitation of the QDs.
Transmission electron microscopy (TEM) images of the synthesized CsPbBr3, CsPbCl3,
and CsPbI3 QDs using the micropipetting technique are shown in Figure 3-1. CsPbBr3 QDs,
shown in Figure 3-1a), have a uniform cubic array and an average size around 10-12 nm. We
observe darker nanodots on the surface of the CsPbBr3 QDs, and these are not specific to our
synthesis method and have been reportedly attributed to excess PbBr2 attaching to the surface of
the QDs due to incomplete purification after solvent evaporation203, 204.
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Table 3-1 Volumes for Ternary

A

B

C

D

E

F

G

H

1

2

3

4

5

6

7

8

9
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90
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80

80
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70

0
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0
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0

0
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0
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Table 3-2 First Plate

A
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D

E
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7

8
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20
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0
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10
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Table 3-3 Second Plate

A

B

C

D

E

F

G

H
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3
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5
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7

8
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Overall, the CsPbBr3 QDs produced here have a very similar size and shape as compared to other
studies in the literature that use both the LARP and hot injection methods198, 205. Figure 3-1b)
illustrates how the CsPbCl3 QDs are more spherical and have an average size around 3 nm. CsPbI3
QDs appear to have a more amorphous shape and a larger-size distribution ranging from
approximately 7 to 15 nm, as shown in Figure 3-1c). From these images, we infer that the size
uniformity, and thus the likely bandgap energy uniformity for the CsPbCl3 and CsPbBr3 QDs are
greater than the CsPbI3 QDs.
Immediately after synthesis, we excite all quantum dots under a 6 W, 365 nm excitation
Ultraviolet (UV) lamp. Pure CsPbCl3 and CsPbI3 QDs did not glow as shown in Figure 3-2,
whereas the CsPbBr3 QDs emitted a bright green color. In theory, all CsPbX3 QDs should glow
under a UV lamp; however, the lack of proper power and wavelength of our UV lamp could be a
reason that we did not see the glow of the CsPbCl3 and CsPbI3 QDs. It has also been demonstrated
that these QDs tend to have a faint glow and require the addition of ZnX2 to increase the intensity
of the glow under a UV lamp27. All of the emitted colors of the binary and ternary QDs excited
under the UV lamp are shown in Figure 3-2.

3.4 Photoluminescence Measurements
Here, we chose photoluminescence (PL) spectroscopy to characterize the QDs as it can investigate
the optoelectronic properties and by performing these measurements over time, the evolution of
the PL properties can be an indicator of the intrinsic stability of the material98. While other
techniques, such as X-ray diffraction (XRD), have been utilized to explore important dynamical
process, such as halide segregation185, we did not utilize it in this study because we are primarily
focused on the evolution of optoelectronic properties and are limited in our capability to perform
a high-throughput study utilizing techniques such as XRD.
We utilized a BioTek Cytation 5 Multi-mode optical reader for PL spectroscopy. The
monochromator was excited from the bottom of the well plate at a gain of about 70 for each well
plates in both the binary and ternary systems. Due to the wide bandgap energy differences between
CsPbX3 QDs, the PL peaks range from 405 to 515 to 700 nm for CsPbCl3, CsPbBr3, and CsPbI3,
respectively27, 196, 202.
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Figure 3-1 Transmission electron microscopy (TEM) images of as synthesized a) CsPbBr3, b)
CsPbCl3, and c) CsPbI3 QDs in this study.
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Figure 3-2 QDs illuminated by a UV lamp. a) 66 combinations of CsPbX3 ternary QDs
immediately after synthesis illuminated under a 365 nm handheld UV light. b) 66 combinations of
CsPbX3 (X= Br, Cl) binary QDs immediately after synthesis illuminated under a 365 nm handheld
UV light. c) 66 combinations of CsPbX3 (X= Br, I) binary QDs in Table S2 immediately after
synthesis illuminated under a 365 nm handheld UV light
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Therefore, to effectively study and capture the wide range of PL behaviors of the QDs, we selected
different excitation wavelengths depending on the system. We note that at the 450 nm excitation
wavelength, CsPbI3-rich QDs do not have an intense PL peak as compared to the other QDs as
they can degrade easily in polar solvents, such as DMF206, and, therefore, they may not be as
prominently represented in the ternary phase diagrams shown later. However, we confirmed that
CsPbI3 were synthesized by the TEM images shown in Figure 3-1c) and individual PL spectra.
For the ternary system, PL measurements were performed with an excitation wavelength
of 350 nm, and the emission was measured from 375 nm to 800 nm. The same well plate was also
characterized with an excitation wavelength of 450 nm, and the emission was measured from 475
nm to 800 nm. The step size was 2 nm. All measurements were performed in sweep mode;
therefore, both measurements with the two excitation wavelengths took approximately 20 minutes
in total. This was repeated 15 times for a total of 45 reads to study the evolution of the
optoelectronic properties.
For the CsPb(BrxCl1-x)3 system, PL measurements were performed with a 350 nm
excitation wavelength, and the emission was measured from 375 to 800 nm with a 2 nm step size.
This process was repeated 56 times to study the evolution of the PL in ambient conditions for
approximately 6 hours. For the CsPb(BrxI1-x)3 system, the excitation wavelength was 405 nm with
an emission measurement range from 450 to 800 nm, and then it was measured again with an
excitation wavelength of 450 nm with an emission measurement range from 475 to 800 nm with a
2 nm step size. For the CsPb(ClxI1-x)3 system, PL was measured with a 405 nm excitation
wavelength with an emission measurement range from 450 nm to 800 nm and with a 450 nm
excitation wavelength with an emission measurement range from 475 to 800 nm with a step size
of 2 nm. These measurements for the CsPb(BrxI1-x)3 and CsPb(ClxI1-x)3 systems were repeated 20
times for 60 reads total.

3.5 NMF-GP Analysis
This protocol yields a large time- and compositional-dependent PL data set. To rapidly and
efficiently analyze this data set and deduce the optical properties and quality of QDs over time, we
adopt a multivariate statistical approach, Non-negative Matrix Factorization (NMF). Then, to
interpolate the PL behavior across the binary and ternary compositional space and map the
emission properties of CsPbX3 QDs, we implement a Gaussian processing (GP) model. Specifics
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of this analysis can be found in Chapter 2. Here, we select three NMF components to represent
the variability in the QDs systems.

3.6 Intrinsic Stability of the Ternary QD System
Shown in Figure 3-3 is the NMF-GP analysis of the time- and compositional-dependent PL
behavior of the ternary system, CsPb(IxByyCl1-x-y)3 QDs at the two different excitation
wavelengths, 350 nm and 450 nm. We note that different characteristic PL behaviors become more
apparent when performing the NMF-GP analysis on the two separate datasets. For example, when
the analysis is performed on the dataset excited by 350 nm, we uncover more information about
the chloride-rich compositions, while losing information about the iodide-rich compositions. We
observe the opposite when the NMF-GP analysis is performed on the 450 nm dataset, gaining
insight about the iodide-rich composition and losing information about the chloride-rich
compositions. Since the CsPbBr3-rich compositions are represented in both datasets, we used these
samples to determine whether there was a difference in PL behavior caused by the excitation
wavelength, and we did not observe a distinct difference. However, it should be noted that the
excitation wavelength can have an effect on the stability of perovskites as demonstrated
elsewhere177; however, this effect is not applicable here as we alternated between the two
excitation wavelengths over time.
In the first component of the NMF decomposition of the 350 nm excitation wavelength,
shown in Figure 3-3a), the initial PL behavior is a broad, high intensity peak centered around 420
nm. Prolonged exposure to ambient conditions causes the intensity of the PL peak to decrease and
to narrow. At the end of the measurement period, a prominent, narrow PL peak remains, indicating
that these QDs are stable. This PL behavior is assigned to CsPbCl3-rich compositions, as indicated
by the dark red region of the ternary phase diagram shown in Figure 3-3d). CsPbBr3-rich
compositions still alloyed with a significant amount of chloride (< 50 at%), shown in the phase
diagram Figure 3-3e), initially have a narrow PL peak centered at approximately 520 nm. As
shown in Figure 3-3b), this PL peak begins to broaden and become more intense as exposed to
ambient conditions; however, approximately halfway through the measurement period, the
intensity of this peak starts to decrease. There is still a PL peak at the end, so it is technically stable,
but based on the rate of decrease during the measurement period, these QDs would possibly
degrade after a few more hours while exposed to ambient conditions.
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Figure 3-3 The multivariate analysis of time dependent PL properties of ternary
CsPb(IxBryCl1-x-y)3 QDs system. At an excitation of 350 nm, 2D NMF components of PL behavior
of the corresponding phase diagram (represented by a non-zero weight) as a function of wavelength
and time where the color describes the intensity of the PL peak (top: a-c)) and GP interpolation of
compositional dependencies of the component PL intensities within the ternary diagram where the
color is indicative of how the characteristic PL behavior over time describes that compositional
region (bottom: d-f)). At an excitation of 450 nm, 2D NMF components (top: g-i)) and
compositional dependencies of the component intensities within the ternary diagram (bottom: jl)).
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Next, as more iodide and bromide are incorporated into the CsPbCl3-rich compositions, shown in
Figure 3-3f), the initial PL peak centered around 460 nm is narrow and intense. As the QDs are
exposed to ambient conditions, the PL intensity increases, but the peak broadens, and again
halfway through the measurement period, the peak intensity decreases and the peak narrows, as
shown in Figure 3-3c). Even at the end of the measurements, there remains a relatively intense
and narrow peak, suggesting that these QDs could remain stable for longer in ambient conditions.
Overall, a solid solution between CsPbCl3, CsPbBr3, and CsPbI3 emerges as the compositional
region that could produce high-quality QDs, as indicated by the narrow PL peak, and prolonged
intrinsic stability in ambient conditions.
Next, we explore the same ternary phase system in ambient conditions using PL
spectroscopy with a different excitation wavelength, 450 nm. Solid solutions between CsPbCl3,
CsPbBr3, and CsPbI3 shown in red on the phase diagram in Figure 3-3j) have a high intensity PL
peak just before the measurement range, as shown in Figure 3-3g). Over time, it appears as if the
intensity of this peak begins to either shift or decrease in intensity. More iodide-rich solid solutions,
as indicated in Figure 3-3k), have a very broad peak center around 550 nm, spanning
approximately 100 nm, as shown in Figure 3-3h). Although the PL intensity remains relatively
constant through the duration of the measurements, the broad peak indicates that these QDs are
relatively low quality and would possibly be not suitable for certain optoelectronic applications.
Finally, in Figure 3-3i,l), we observe an emission wavelength around 515 nm close the emission
of pure CsPbBr3 QDs. This trend is similar to that of the CsPbBr3-rich samples excited at 350 nm
shown in Figure 3-3b,e). Over time, there is a slight blue shift in the peak position, possibly due
to the changes in size and crystallization of the QDs with time. The intensity of the PL emission is
relatively constant with a narrow peak width throughput the measurement period, indicating the
high quality and stability of these QDs in ambient conditions.
The intervals of the samples in the ternary diagram are father apart compositionally (X-site
doping changes by 10 at% increments). Because there are fewer samples in this compositional
space, the uncertainty between each data point is higher, and, therefore, the test will have a greater
margin of error. To develop a better understanding of the time- and compositional-dependent PL
behavior of the QDs, we fabricated and studied two binary systems, CsPb(BrxCl1-x)3 and
CsPb(BrxI1-x)3 QDs based on the two endmembers on the edges of the ternary phase diagram.
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Within these binary systems, we sampled compositions approximately 1 at% apart yielding a total
of 101 sample in each system, thus decreasing the margin of error.

3.7 Intrinsic Stability of the Binary Systems
Shown in the top row of Figure 3-4 is the NMF decomposition of the time dependent PL for the
solid solutions between CsPbBr3 and CsPbCl3. These QDs were excited at 350 nm and generally
exhibit narrow and intense PL peaks over 6 hours in ambient conditions. In the first component
(Figure 3-4a)), the PL emission peak is centered around 410 nm when the QDs are CsPbCl3 rich.
The intensity of the PL peak increases until about 1.5 hours in ambient conditions, possibly due to
QDs having more time to crystallize and self-assemble, thus allowing for less defects and higher
emission yield as evidenced by the overall narrow emission range. For CsPbBr3-rich compositions,
shown in Figure 3-4b), the PL emission is centered around 505 nm and is relatively broader than
the spectra for high-concentrated chloride QDS, partially caused by the larger size of bromide
based QDs and a more heterogenous size distribution. Another notable difference in the bromiderich QDs is that intensity of the PL peak is much more intense than the other compositions. This
is likely due to the better crystal quality of the bromide-rich QDs as confirmed by the TEM images
in Figure 3-1a). At the end of the measurement period, the QDs remain stable, and the intensity
of the PL emission has only slightly decreased. The width of this PL peak also increases slightly
over time. Overall, the bromide-rich QDs demonstrate remarkable stability after 6.5 hours in
ambient conditions. Finally, the characteristic PL behavior of the solid solutions between CsPbCl3
and CsPbBr3 is shown in Figure 3-4c). The position of the PL emission is between 425 and 475
nm. Over 1.5 hours, the intensity of the PL emission increases, but after about 5 hours, the PL
emission becomes narrower and less intense. These changes could be caused by the degradation
of the QDs over time or the defect densities is increasing.
Shown in the bottom row of Figure 3-4 is the NMF decomposition of the time dependent
PL for the CsPb(BrxI1-x)3 excited at 450 nm. Generally, the fabricated CsPb(BrxI1-x)3 QDs have a
broader PL peak as compared to the PL behavior of the CsPb(BrxCl1-x)3 system, possibly caused
by the wider emission wavelength differences between endmembers or the inherent difference in
size of the halide. As well, PL emissions positioned at higher wavelengths typically increase in
intensity as time in ambient conditions increases.
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Figure 3-4 The NMF analysis of time dependent PL behavior in CsPb(BrxCl1-x)3, CsPb(BrxI1x)3

binary QDs systems. Compositional dependencies of the component intensities within the

CsPbBr3 and CsPbCl3 binary system excited at 350 nm (Top: a-c)). Compositional dependencies
of the component intensities within the CsPbBr3 and CsPbI3 binary system excited at 450 nm
(bottom: d-f)).
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More iodide-rich compositions exhibit a PL emission at approximately 700 nm before exposure to
ambient conditions, confirming the formation of iodide-rich QDs (Figure 3-4f)). Over time, the
PL peak begins to increase in intensity, to blue shift, and to broaden, indicating that the quality of
these QDs is decreasing over time as compared to bromide-rich compositions. We postulate that
the peak widening could be due to phase segregation or peak splitting due to degradation,
producing nonuniform mixture results. A similar PL behavior is observed for more bromide-rich
solid solutions between CsPbBr3 and CsPbI3, as shown in Figure 3-4d). However, it appears that
these compositions do not form until approximately an hour in ambient conditions. This delay in
formation could be caused by bromide slowly stabilizing the QDs207, leading to its eventual
formation. Since CsPbI3 tends to be the most unstable in ambient conditions, the increase in PL
peak intensity as exposure continues is surprising206. Bromide-rich compositions exhibit an
emission wavelength at approximately 515 as shown in Figure 3-4e)196. Here, unlike the bromiderich compositions in the CsPb(BrxCl1-x)3 system (Figure 3-4c)), we observe an increase in PL
intensity and broadening as time continues. We hypothesize that the difference in this behavior is
because the iodide-rich QDs do not form quite as effectively as the chloride-based QDs, limiting
the performance of the doped bromide-rich compositions.

3.8 Implementation of Bayesian Inference
Next, we explore the compositional dependence on the shape of the PL spectra. As mentioned
previously, the expected emission spectrum is a Lorentzian shape with its full width at half
maximum (FWHM) corresponding to the photoluminescence quantum yield (PLQY) for
monodispersed PQDs208. In. the presence of any disorder, this emission shape begins to adopt a
Gaussian profile and becomes more complex in the presence of polydispersity. As well, multiple
well-defined peaks can be observed if the system separates into different phases.
Here, we explore the evolution of the PL properties across the ternary system’s
compositional space. Initially, we found that using a simple least square fits approach implemented
via the lmfit library in Python to be unstable and very sensitive to the initial choice of parameters.
While well-defined peaks can be fitted well, systems with multiple peaks yield spurious parameter
values, especially when clear peaks are absent. Correspondingly, the usage of a least square fit is
also impractical because of the analysis across the compositional space containing a variety of PL
behaviors.
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Therefore, to systematically explore the compositional dependence of PL, we apply a
Bayesian framework for the analysis of the emission spectra. Generally, Bayesian inference (BI)
is based on the concepts of prior and posterior probability. The prior, p(i), represents the level of
knowledge about the system before the experiment begins. The experiment yields the data, D,
based on which the posterior distribution is calculated via Bayes formula [31,32]:
𝑝(𝜃𝑖 |𝐷) =

𝑝(𝐷|𝜃𝑖 )𝑝(𝜃𝑖 )
𝑝(𝐷)

(3-1)

where p(i|D) is the likelihood that this data can be generated by the given choice of the model i
and model parameters . The p(D) is defined as the total space of possible outcomes.
Here, it is beneficial to compare the Bayesian inference (BI) framework and the classical
least square (LS) fitting approach. We assume that the experimental observations here are given
in the form of measured scalar values yi for the points xi. In LS fitting, we assume that the observed
behavior is described by the function f() and seek to find the function parameter vector . The
optimization is performed by minimizing the least square error between the data and the prediction,
defined as a calculated version of function over the data points, f(xi). The minimum of mean square
error in the space of parameters  defines the point estimate of the function. We note that in a
classical least square fits the parameter can be fixed, free, or rigidly constrained.
The BI approach treats the prior information on parameters  as a joint probability
distribution. For convenience, the prior distributions are often marginalized, meaning that the
distributions are independent. If the specific parameter is well known, the corresponding
distribution is narrow and can be chosen based on prior experiments, either from available
published data or physical model. If the parameter is known poorly, the distribution is broad and
for bound parameters is typically chosen as a uniform distribution and for the unbound parameter
as a Gaussian. The result of the BI is then the posterior parameter distribution, reflecting the
updated knowledge on the parameters. Note that this approach allows for considerably more
flexibility compared to the LS fitting. For example, if several parameter values can describe
experimental data, the posterior distribution will be multimodal. Second, the unique strength of
Bayesian approach is that the model selection can be incorporated as part of inference process. In
this case, the models can be drawn from a list of possible models with certain probability, and
posterior distribution will update this probability to define the model selection.
In this study, we consider five primary models, namely single Lorentzian,
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𝑦(𝑥) = 𝑦0 +

𝐴
((𝑥 − 𝑥0 )2 + 𝑤 2 )1/2

(3-2)

single Gaussian,
(𝑥−𝑥0 ) 2
)
𝑤

𝑦(𝑥) = 𝑦0 + 𝐴𝑒 −(

(3-3)

double Lorentzian, double Gaussian, and Lorentzian-Gaussian defined similarly as sum of (3-2
and (3-3.
The Bayesian regression is implemented via the PyMC3 library in Python. We have also
used the Metropolis-Hastings (MH) algorithm to sample the distributions of model parameters
with the assumption that the measurement error  comes from a normal distribution with a variance
of 2. Therefore, in addition to the model parameters, the data variance is also estimated. The
priors for the two models are given in Table 3-4. We have also placed bounds on two parameters,
peak position and width. For the peak position, the bounds were the measurable wavelength range.
For the width parameter, the minimum width allowed was at least 2 nm as this is the measurable
wavelength step size. We compared convergence for 4 to 16 chains for variable chain length and
burn length. Based on these analyses, we have chosen four chains of 3000 steps with the burn of
500.
To illustrate the principle and performance of the Bayesian regression, we show an
example of the BI analysis on a synthetic data set with a known ground truth in Figure 3-5. Here,
the synthetic data are generated to follow a Double Lorentzian form with the parameters: y0 = 0,
x01 = 1, A1 = 0.5, w1 = 1, x02 = 6, A2 = 1, and w2 = 1. We can vary the level of the Gaussian noise,
making the data points further from the ground truth, as shown in Figure 3-5a-d). For a low noise
level, the fit reproduces the data as expected, while as the noise level increases, the confidence
interval becomes broader. This trend is shown systematically in Figure 3-5e,f), showing the
evolution of the mean of reconstructed function and the reconstruction uncertainty. Clearly, BI
allows for the reconstruction of the function behavior for a noise level up to approximately 0.1.
Above this noise level, the reconstructed function deviates from the ground truth and the
corresponding uncertainty increases rapidly, indicated by the white arrow. We note that by using
more restrictive priors, i.e., known peak positions, etc., allows us to reconstruct the function for
much higher noise levels.
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Table 3-4 Priors used in sampling
Lorentzian Priors

Gaussian Priors

Offset

y0 ~ Uniform (-1,1)

y0 ~ Uniform (-1,1)

Amplitude

A ~ HalfNormal (0,10)

A ~ HalfNormal (0,10)

Peak Position

x0 ~ Normal (xavg, xsd)

x0 ~ Normal (xavg, xsd)

Width

w ~ Normal (10, 30)

w ~ Normal (10, 30)

Data Variance

 ~ Gamma (0.1, 0.1)

 ~ Gamma (0.1, 0.1)
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Comparatively, utilizing a different functional form than the ground truth, a Lorentzian-Gaussian
model, we show the noise dependence of the reconstruction for the same dataset in Figure 3-5g,h).
The uncertainty is significantly higher for all noise levels, and the fit begins to fail at lower noise
levels, illustrating that the “correct” model allows for a better fit of the data and the tunability of
BI via priors.
The ability of the BI approach to distinguish different models is one of its unique strengths.
Generally, this can be accomplished through the hierarchical Bayesian model, where the model is
drawn from the multinomial distribution M(i), and the model parameters are then optimized in the
usual fashion. Alternatively, the probabilities of the models can be estimated from the posterior
densities using the widely applicable information criterion (WAIC)209 as proposed by Gelman et
al. [34]. The WAIC is defined as:
𝑛

𝑆

𝑛

1
𝑊𝐴𝐼𝐶 = ∑ log ( ∑ 𝑝(𝑦𝑖 |𝜃 𝑆 )) − ∑ 𝑣𝑎𝑟𝑝𝑜𝑠𝑡 (log 𝑝(𝑦𝑖 |𝜃))
𝑆
𝑖=1

𝑠=1

(3-4)

𝑖=1

where S is the number of simulations draws and n is the number of available datapoints. The first
term is the logarithm of predictive density defining the quality of the fit. The second term is the
effective number of parameters, pWAIC, determined by the total variance of the log likelihood,
log p(yi|). This term defines the complexity of the fitting function. We note that similar to
calculation of the Bayesian estimate and uncertainty as shown in Figure 3-5, the calculation of
WAIC requires traces acquired during the sampling rather than just the point estimates.
Subsequently, the probability of the model p(M) is recovered though a Bayesian model averaging
approach.
We show the fit of the synthetic dataset using dissimilar models for low noise levels in
Figure 3-6. The correct model gives an excellent fit as shown in Figure 3-6d). The single peak
Lorentzian (Figure 3-6b)) and Gaussian (Figure 3-6c)) functions identify the dominant peak in a
robust manner. It is remarkable that the remainder of the data is interpreted as the offset.
Correspondingly, the dependence on the level of the prior knowledge, e.g., using constrained
distribution of the offset, allows to control the inference process. Finally, the prediction is slightly
worse when the double Gaussian (Figure 3-6e)) and Lorentzian-Gaussian (Figure 3-6f)) is used.
We note that the nature of the fit procedure suggest that the width, amplitudes, and the positions
of the peaks are relatively insensitive to the choice of the fit function; therefore, we consider the
best model and the effective model parameters complementary descriptors.
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Figure 3-5 . a-d) Demonstrate how a synthetic dataset is created utilizing a known function and a
certain amount of noise is produced. Shown in e) and f) is the fitting of the Double Lorentzian
model as a function of noise. As indicated by the arrow in e), at a particular amount of noise, this
model begins to fail at describing the dataset. Utilizing the Lorentzian-Gaussian model as shown
g) and h), this fail point begins at a lower amount of noise.
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Figure 3-6 Shown in a) is the Double Lorentzian function (known truth) utilized for the synthetic
dataset. The fit and uncertainty for the b) Lorentzian, c) Gaussian, d) Double Lorentzian, e) Double
Gaussian, and f) Lorentzian-Gaussian models are shown. Shown in g) is how the WAIC parameters
changes for each model as a function of noise. Similarly, h) shows how the weight parameters
changes for each model as a function of noise.
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Shown in Figure 3-6g,h) is the dependence of the WAIC score and the model probability
on the noise level. Here, we observe that for low noise levels, the correct model gives noiseindependent pWAIC values; however, for incorrect models, the value strongly depends on the
specific realization of the dataset. The usage of the simple Gaussian and Lorentzian functions leads
to low pWAIC values. The critical behavior as a function of noise level is clearly seen through the
model probability shown in Figure 3-6h). We note that a similar analysis can be performed as a
function of discretization (corresponding to the wavelength at which the measurements are
performed); therefore, we can pinpoint optimal experimental parameters. Similarly, such analysis
can also be performed as a function of the priors’ strength, illustrating to which extent prior
knowledge of the system affects interpretability.
As illustrated with the synthetic data, the BI approach allows for a natural and flexible
framework for the analysis of PL behavior. We further explore the combinatorial of the ternary
CsPbX3 QDs utilizing this framework.
Firstly, we apply this analysis to a few characteristic PL spectra at time zero in the ternary
system. In Figure 3-7a), we show the fitting of the PL behavior of CsPb(I0.30Br0.60Cl0.10)3 QDs.
Here, we observe a high-intensity, single peak centered at approximately 540 nm. Shown in Figure
3-8 are the fits for each model for the PL behavior of this composition. We observe that the
Gaussian model (Figure 3-8b)) best fits this PL spectrum because the Lorentzian model (Figure
3-8a)) overestimates fit the width of the peak base, and the double Lorentzian , double Gaussian,
and Lorentzian-Gaussian models (Figure 3-8c-e)) add extraneous peaks at higher wavelengths.
We also confirm this with the WAIC and weight values. Another typical PL spectrum observed in
this ternary system is a broad peak spanning over 100 nm. An example is the PL spectrum for
CsPb(I0.60Br0.10Cl0.30)3, shown in Figure 3-7b). Overall, this PL behavior is best described by a
broad Gaussian profile. Finally, another characteristic PL behavior, shown in Figure 3-7c), is the
same broad peak with another broader peak at higher wavelengths, indicating phase separation
between iodide, for example, in a binary CsPb(I0.90Cl0.10)3 composition. This behavior was best fit
with a Double Gaussian model because the single peak models miss the peak at higher wavelengths
and the other two peak models overestimate the intensity of this second peak.
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Figure 3-7 Fitting of each model for characteristic PL behaviors represented by three different
compositions: a) CsPb(I0.30Br0.60Cl0.10)3, b) CsPb(I0.60Br0.10Cl0.30)3, and c) CsPb(I0.70Cl0.30)3.
Exploration of the WAIC parameter for each model across the ternary phase diagram is shown in
d-h). Similarly, the compositional dependence of the weight parameter for each model is shown
in i-m). The fits and uncertainties of the five models for the PL spectra in a) are shown in Figure
3-8.

93

Figure 3-8 The fit and uncertainty for the (a) Lorentzian, (b) Gaussian, (c) Double Lorentzian, (d)
Double Gaussian, and (e) Lorentzian Gaussian models are shown for the PL spectra in Figure
3-7a). As mentioned in the main text, the Gaussian model describes this dataset well. Notably, the
Double Lorentzian and Lorentzian Gaussian models use the second peak to describe the noise at
higher wavelengths. We observe high uncertainty at these higher wavelengths for the Double
Gaussian model.
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Next, we explore the compositional dependence of the model fits across the entire ternary
phase space utilizing two metrics: WAIC (Figure 3-7d-h)) and weight (Figure 3-7i-m)). Here, we
explore the dataset using the 450 nm excitation wavelength, but we will explore the 350 nm
excitation wavelength dataset later. We should note that this dataset describes the PL behavior of
CsPbBr3- and CsPbI3-rich compositions as the PL peak positions of the CsPbCl3-rich compositions
are excluded from the measurement range here. Firstly, we observe that the weight for the
Lorentzian model is considerably smaller in magnitude than the other models, as shown in Figure
3-7i), indicating that this model does not describe the PL behavior of this ternary system, possibly
due to disorder, polydispersity, and phase separation throughout the system. The weight of the
double Lorentzian and Lorentzian-Gaussian models (Figure 3-7j,m)) is only high for some
compositions as indicated by the red points, signifying the presence of double peaks and phase
separation in CsPbCl3-rich compositions and solid solutions. Notably, the CsPbBr3-rich
compositions are best described by a Gaussian fit as indicated by the high magnitude in weight for
this model (Figure 3-7k)), implying that these compositions exhibit little phase separation and
slight disorder. Finally, the remainder of the phase system, specifically CsPbI3-rich compositions,
is best described by the Double Gaussian model (Figure 3-7l)), indicating both phase separation
and disorder.
Now, with the knowledge about each model’s fit, we can then calculate the posteriors, such
as the offset, peak amplitude, and peak width, across the ternary compositional space. In particular,
we focus on the peak width parameter as it is related to the FWHM and, therefore, the PLQY of
the QDs. The posteriors for the Gaussian and Double Gaussian models are shown in Figure 3-9.
The posteriors for the Lorentzian, double Lorentzian, and Lorentzian-Gaussian models are shown
in Figure 3-10, but we focus on the Gaussian and Double Gaussian posteriors because, as
mentioned previously, these models have the highest weights, therefore describing the majority of
the phase diagram. The CsPbBr3-rich compositions are primarily described by the Gaussian model,
and the associated posteriors are shown in Figure 3-9a-d). Here, we observe a high amplitudes
and narrow peak widths, indicating high PLQYs for these compositions. Next, CsPbI3-rich
compositions are also described by the double Gaussian models. Generally, the first width (Figure
3-9h)) are large and the second width is slightly smaller (Figure 3-9k)), indicating a broad peak
with a slightly smaller one at higher wavelengths as the one seen in Figure 3-7c). This confirms
that these regions experience phase separation. This analysis further confirms that capability of the
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BI approach, providing new insight on the formation and quality of the ternary solid solution of
CsPbX3 QDs that cannot be revealed solely by the GP approach.
Next, we apply the BI approach to the PL dataset excited by the 350 nm wavelength. Here,
as mentioned previously, we note that the iodide-rich compositions are not accurately represented
as the wavelength measurement range does not include the peak wavelengths for the CsPbI3;
therefore, we focus on the CsPbCl3- and CsPbBr3-rich compositions. Generally, these
compositions are best described by the Gaussian model, as shown in Figure 3-11. This is
consistent with the observations seen in the 450 nm excitation wavelength dataset. As shown in
Figure 3-11n-q), the posteriors indicate that these compositions have high intensity, narrow peaks,
like the PL spectra observed in Figure 3-7a,b). We observe that the width of these peaks slightly
increase as the QDs are more alloyed with CsPbCl3, as shown in Figure 3-11q). The broadening
of these peaks indicates that these compositions have a lower quality, such as being more
amorphous like observed in the TEM images (Figure 3-1b)) than the CsPbBr3-rich QDs. Overall,
applying this BI approach to this particular dataset gives more information about the quality of
CsPbCl3-rich compositions and confirming what we observe in the other dataset.

3.9 Summary
Here, we have synthesized cesium lead halide QDs in binary and ternary solid solution
configuration via an automated micropipetting platform. This synthesis approach of the large
compositional spaces of CsPbX3 QDs is highly reproducible using this platform and can be
extended to other PQDs, including hybrid organic-inorganic perovskites. We then investigate the
ambient stability of QDs by measuring PL repeatedly over six hours. We utilize Non-negative
Matrix Factorization and Gaussian process to show the time- and compositional-dependent PL
behavior. Next, we apply a Bayesian inference approach to obtain a model that best describes the
PL behavior and yield the model parameters and associated uncertainties. This analysis further
describes the size distribution and phase segregation of ternary QDs through the examination of
the PL peak shape and width. Overall, we observe a better performance of the chlorine doped
CsPbBr3 QDs than the iodide doped CsPbBr3 QDs with CsPbBr3 QDs performing the best as it
maintains a high intensity and narrow PL peak over time.
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Figure 3-9 Shown is the Bayesian fit parameters, specifically the offset, peak positions,
amplitudes, and widths, for the a–d) Gaussian and e–k) Double Gaussian models. The parameters
for the Lorentzian, Double Lorentzian, and Lorentzian Gaussian model are shown in Figure 3-10.
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Figure 3-10 Shown are the priors of the a-d) Lorentzian, e-h) Double Lorentzian, and i-l)
Lorentzian-Gaussian models for the 450 nm excitation wavelength. As mentioned, these models
do not accurately describe the PL behavior of this ternary system; however, it is included for
completeness.
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Figure 3-11 Shown are two parameters, WAIC a-c) and weight f-j), which describe each of these
models' fit for the dataset excited with the 350 nm wavelength. Here, we note that the iodide-rich
compositions are not accurately represented because the wavelength measurement range does not
include peak wavelength for CsPbI3 QDs; therefore, we focus on the CsPbCl3 and CsPbBr3-rich
compositions. As observed with the 450 nm excitation wavelength dataset, CsPbBr3-rich
compositions are described well with the Gaussian model. Conversely, the Lorentzian Gaussian
model fit the PL spectra of CsPbCl3-rich compositions.
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Generally, the capability of the Bayesian inference methods to use the prior knowledge of
the system and update it based on the experimental observations can provide a complementary
approach for navigating multidimensional compositional spaces fabricated by automated, highthroughput synthesis. This approach, traditionally, is based solely on the Bayesian optimization
methods using a combination of uncertainty and functional properties to define the corresponding
acquisition function. Here, the Bayesian inference produces additional parameters that characterize
the physical responses in the systems, as well as the associated uncertainties. Overall, this provides
an additional spectrum of descriptors to navigate the chemical space of these systems.
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Chapter 4 Effect of Antisolvent Engineering on the Stability
of Binary Metal Halide Perovskites
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4.1 Abstract
Frequently, antisolvent crystallization is utilized to fabricate high-quality metal halide perovskites
(MHP) thin films, single crystals, and nanoparticles; however, an understanding of the effect of
specific antisolvent on the intrinsic stability of multicomponent MHPs is lacking. Here, we utilize
a high-throughput experimental framework that incorporates chemical robotic synthesis,
automated characterization, and multivariate statistical approaches to explore how an antisolvent
affects the intrinsic stability of binary MHP systems in ambient conditions over time. Different
combinations of endmembers, MAPbI3, MAPbBr3, FAPbI3, FAPbBr3, CsPbI3, and CsPbBr3 (MA+,
methylammonium; FA+, formamidinium), are used to fabricate 15 combinatorial libraries, each
with 96 unique combinations. In total, roughly 1100 different combinations are synthesized. Each
library is fabricated twice by using two different antisolvents: chloroform and toluene. Once
fabricate, photoluminescence (PL) spectroscopy is automatically performed every 5 minutes for
approximately 6 hours in ambient conditions. Next, Non-negative Matrix Factorization (NMF) is
utilized to map the time- and compositional-dependent optoelectronic properties. From this
investigation for each library, we demonstrate that the selection of the antisolvent is critical to the
intrinsic stability of MHPs in ambient conditions. We describe possible dynamical processes, such
as halide segregation, that are responsible for either the stability or eventual degradation based on
the choice of antisolvent. Overall, this high-throughput study demonstrates the vital role that
antisolvent engineering plays in the fabrication of high-quality multicomponent MHP systems.
This chapter is revised based on an article published by Kate Higgins, Maxim Ziatdinov, Sergei V
Kalinin,

Mahshid

Ahmadi

in

the

Journal

of

American

Chemical

Society

2021,

DOI:10.1021/jacs.1c10045.

4.2 Introduction
Metal halide perovskites (MHPs) are ideal candidates for a variety of applications, such as solar
cells157, photodetectors42, ionizing radiation sensors5, 158, and light-emitting diodes2, 3 because of
the combination of exceptional optoelectronic properties and low fabrication costs. Even so, the
development of MHPs for commercialization must overcome its limited stability in pure or deviceintegrated form159,

160

. Overcoming adverse effects originating from external stimuli can be

minimized or avoided by utilizing established encapsulation methods and device engineering22, 210,
211

. Simultaneously, another strategy to improve the intrinsic stability is by cation and/or halide
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alloying to synthesize multicomponent MHPs163, 212, 213. A multitude of studies have demonstrated
how the incorporation of other cations, particular cesium (Cs+)213 and formamidinium (FA+)214
into methylammonium (MA) systems, leading to the improved stability in ambient and operational
conditions. Mixing halides, such as bromide (Br-)111, iodide (I-), and chloride (Cl-)147, has also
proven to be an effective strategy toward stable perovskite materials.
To fabricate high-quality thin films, to produce high-quality single crystals147, and to
synthesize nanoparticles at room temperature215, antisolvent crystallization is an effective solutionbased method. Simply, this approach requires the application of an antisolvent to a perovskite
solution, and then the antisolvent then extracts the solvent, leading to the fast supersaturation of
the precursor and causes precipitation of the perovskite. Many investigations have focused on the
antisolvent, including the types, volumes, and mixtures of solvent216. For example, Sakai et al.
illustrated how dropping toluene on the perovskite film during spin-coating can enhance the early
stages of nucleation and grain growth, depending on the chemical composition of the precursor
solution217. Wang et al. suggested that the use of chlorobenzene mixed with isopropyl alcohol
removes the residual chlorobenzene, therefore, increasing the grain size of the film and drop in
defect density218.
Until recently, most of these investigations utilized a manual trial-and-error approaches to
determine which antisolvent is applicable for a particular perovskite system. Automated
experimentation has proven to accelerate this trial-and-error process through148, 149, 169and full
device preparation workflows124,
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. However, the number of groups utilizing these robotic

platforms to explore antisolvent engineering is small. For example, Gu et al. utilized a robot-based
high-throughput workflow to screen antisolvents on single component MHPs148. By testing 48
different antisolvents and three commonly used solvents, dimethyl sulfoxide (DMSO), butyrolactone (GBL), and n’n-dimethylformamide (DMF), they explored how the choice of
solvent and antisolvent affects the formation of microcrystals. In another high-throughput study
screening antisolvents, Manion et al. demonstrated how the quality of thin films can be predicted
by analyzing these formations219. While both studies focus on the effect of antisolvents on single
endmember systems, investigations exploring antisolvent engineering effects on multicomponent
MHP systems is limited, and none have documented the intrinsic stability of these systems in
ambient conditions. Generally, the intrinsic stability of a compositions is a crucial property in
developing a stable and efficient device for applications.
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Here, we utilize the workflow shown in Figure 4-1 and described in Chapter 2 to explore
how the choice of antisolvent affects the intrinsic stability of multicomponent MHP systems over
time in ambient conditions. With the utilization of a pipetting robot, we fabricate 15 different
binary perovskite combinatorial libraries twice using two different solvents: toluene and
chloroform. In total, roughly 1100 unique perovskite compositions were synthesized. Next,
photoluminescence (PL) spectroscopy is performed on each combinatorial library in ambient
conditions for approximately 6 hours. We then map the time- and compositional-dependent PL
behavior of each combinatorial library using a multivariate statistical approach, specifically Nonnegative Matrix Factorization (NMF). Finally, we characterize the intrinsic stability for each
combinatorial library in a specific antisolvent, helping guide future experiments done elsewhere.

4.3 Synthesis and Characterization of Combinatorial Libraries
As mentioned, we investigate 15 different multicomponent MHP binary systems as shown in
Figure 4-1b). Our chosen endmembers are MAPbI3, MAPbBr3, FAPbI3, FAPbBr3, CsPbI3, and
CsPbBr3. In each combinatorial library, there are 96 unique compositions; therefore,
approximately 1100 unique compositions fabricated in total. We utilize an antisolvent approach to
precipitate microcrystals146, 158. Commonly used antisolvent documented elsewhere are typically
classified into two categories: halogenated (chlorobenzene220 and chloroform146) and nonhalogenated (toluene111, anisole221, diethyl ether222, and ethyl acetate223). Here, we chose to use
two antisolvents, chloroform and toluene, as both represent each category and as they are
commonly used in the literature for the production of high-quality MHPs. Because we utilize these
two antisolvents, each combinatorial library is synthesized twice, and therefore, approximately
2880 different samples in total were synthesized and characterized, only taking approximately 270
hours. Here, we describe the fabrication of these combinatorial libraries in detail.
Methylammonium iodide (Sigma-Aldrich, ≥99%, anhydrous), methylammonium bromide
(Sigma-Aldrich, ≥99%, anhydrous), formamidinium iodide (Sigma Aldrich, ≥99%, anhydrous),
formamidinium bromide (Sigma-Aldrich, ≥99%, anhydrous), cesium iodide (Sigma-Aldrich,
anhydrous, beads, −10 mesh, 99.999% trace metals basis), cesium bromide (Sigma-Aldrich,
99.999% trace metals basis), lead iodide (Sigma-Aldrich, 99.999% trace metals basis) and lead
bromide (Sigma-Aldrich, 99.999% trace metals basis) were used without further purification.
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Figure 4-1 a) Schematic of the experimental workflow utilized for the exploration of 15
combinatorial libraries of MHPs. We utilize robotic synthesis to fabricate a library twice with two
different antisolvents: toluene and chloroform, and photoluminescence (PL) spectroscopy is
automatically performed next. Finally, we utilize machine learning to effectively map
characteristic PL behaviors onto composition regions. b) List of all combinatorial libraries that
were chosen from combinations of the six endmembers.
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Toluene (anhydrous, 99.8%), chloroform (anhydrous, ≥99%, contains 0.5-1.0% ethanol as
stabilizer), and chlorobenzene (anhydrous, 99.8%) were used without further purification.
We synthesized 0.3 M solutions by dissolving the precursor materials (1:1 AX:PbX2 ratio)
into the solvent shown in
Table 4-1. The precursor solutions were left to stir for approximately one hour before they
were removed and immediately used for the robotic synthesis of a binary system.
Automated synthesis of microcrystals was performed using the Opentrons OT-2 pipetting
robot. The protocol to perform this synthesis was written using their python API. We synthesized
15 different binary systems. For each system, the exact volumes of each precursor as shown in
Table 4-2 were deposited into each well. Once each precursor was deposited into the wells, 250
L of the chosen antisolvent (toluene, chloroform, or chlorobenzene) was pipetted into each well.
An immediate change in color was observed upon the addition of the antisolvent, indicating the
formation of microcrystals. As shown in Figure 4-2, there is a distinct difference in phase
formation, based upon the color, of the microcrystals depending on the selection of the antisolvent.
Here, we utilized a fine grid of data points for a few reasons. In our previous study
developing this workflow described in Chapter 2, we explored an entire ternary system utilizing
a coarse grid of sample points, approximately 8% or 12% atomic weight difference between each
composition201. For this investigation, we wanted to explore how small changes in composition
affect the PL behavior in ambient conditions. Secondly, because of the large number of systems
characterized in this study, we decided to not adopt an iterative approach; therefore, a fine grid of
sample points was necessary to comprehensively describe the entire system.
To explore the time- and compositional-dependent photoluminescence (PL)
behavior of each system, we utilized the BioTek Cytation Hybrid Multi-Mode Reader for the PL
spectroscopy. The Gen 5TM software accompanying this system is used for data collection. PL
measurements were performed with an excitation wavelength of 450 nm and measured over the
range of 500 to 850 nm with the step size of 5 nm. All measurements were performed in sweep
mode and taken from the bottom of the well plate. PL measurements were performed
approximately every 5 minutes for 6 hours.
To map the time- and compositional-dependent PL properties of each system, we utilize
Non-negative Matrix Factorization (NMF). Also, NMF allows for the efficient extrapolation of
material properties of chemical reactions of large datasets.
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Table 4-1 Chosen solvent for each material synthesized.
Material

Solvent

MAPbI3

γ-butyrolactone (GBL)

MAPbBr3

n’n-dimethylformamide (DMF)

FAPbI3

γ-butyrolactone (GBL)

FAPbBr3

n’n-dimethylformamide (DMF)

CsPbI3

n’n-dimethylformamide (DMF)

CsPbBr3

Dimethyl sulfoxide (DMSO)
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Table 4-2 Exact volume of each precursor deposited into each well. Precursor 1 is shown in black,
and precursor 2 is shown in red.
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Figure 4-2 Images of each microplate immediately after synthesis when a), c), and e) toluene and
b), d), and f) chloroform is utilized as the antisolvent for the FAxCs1-xPbI3, MAxCs1-xPbBr3, and
MAxCs1-xPb(BrxI1-x)3 systems, respectively.
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Here, the entire dataset, L(x,y,,t), analyzed via the decomposition
𝑁

𝐿(𝑥, 𝑦, 𝜆, 𝑡) = ∑ 𝐿𝑖 (𝑥, 𝑦)𝑔𝑖 (𝜆, 𝑡)

(4-1)

𝑖=1

where Li(x,y) are the loading maps, representing the variability of the PL behavior across the
compositional space, and gi(,t) are the endmembers that determine the characteristic behaviors in
the time-spectral domain. Here, the loading maps are a 1D plot in which the x-axis represents the
compositional change, and the y-axis is the intensity, indicating if the endmember applies to the
composition, i.e., low intensity, the endmember is less applicable. Endmember maps are 2D plots,
demonstrating how the characteristic PL behavior changes over time. We use the NMF
decomposition from the scikit-learn library224. Our code and datasets are publicly provided on
GitHub (https://git.io/JCLC7).
As mentioned previously, the operator determines the number of components utilized
based on the knowledge of the system201. For this determination, we performed the NMF
decomposition of each system using two, three, and four components. We utilize the MAxFA1xPbI3

system as an example here to demonstrate our decision process, as shown in Figure 4-3.

With two components, the compositional region (0.1 ≤ x ≤ 1) is described; however, we are lacking
information about the FAPbI3-rich compositions. When the decomposition using three
components, we gain insight into the unstable PL behavior of the FAPbI3-rich compositions. By
increasing the number of components to four, we observe that the first component (most left
component), representing the solid solutions between MAPbI3 and FAPbI3, has been split into two
components (most left and right component in the N = 4 panel). This signifies that the number of
components selected is too high. We observe this trend for other systems as well, confirming that
this strategy is once applicable for this workflow.
Overall, by utilizing NMF here, we can visually describe the evolution of PL behavior of
broad compositional regions of each system. The evolution of the PL behavior provides insight
into the intrinsic stability of these regions. A composition is defined as qualitatively stable if we
do not observe the formation of secondary peaks, shifts in peak positions, or the complete
disappearance of the peaks as these changes indicate complex, dynamical processes, such as halide
segregation, phase separation, or degradation.
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Figure 4-3 Visual comparison for determining the number of components for the NMF
decomposition of the MAxFA1-xPbI3 system.
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4.4 Mixed Cation Perovskites Systems
As mentioned previously in Chapter 1, mixed cation MHPs have improved stability in external
stimuli. For example, the replacement of FA with MA, roughly 20%, was found to stabilize the phase at room temperature74. As well, it was demonstrated that -CsPbI3 could be stabilized by
partial substitution of MA76; however, the film quality was poor and led to low efficiencies for
solar cells45. Many studies have proven how doping with other cations is beneficial; however, few
have systematically explored how the antisolvent affects these improvements.
Firstly, we begin with the exploration of the mixed cation system, MA xFA1-xPbI3. Both
endmembers of this system, MAPbI3 and FAPbI3, have demonstrated high performances in
photovoltaic devices225, 226; however, the lack of phase stability and stability in air, moisture, and
elevated temperatures has prevented its commercialization40. It has been well established that the
combination of MA and FA cations in solid solutions can stabilize the perovskite phase and hinder
the degradation of the perovskite227-229. Huang et al. synthesized MAxFA1-xPbI3 single crystals over
the compositional ranges 0  x  0.2 and 0.8  x  1 in increments of x = 0.05 to correlate charge
transport properties with the organic cations227. It was found that MA0.15FA0.85PbI3 single crystals
both stabilize the phase and have the best charge transport properties as compared to the other
compositions. Partial substitution of FA, roughly 10%, into MAPbI3 was found to improve the
performance of photovoltaic devices by increasing the efficiency from 18.6% to 20.2%229.
Incorporation of MA into FAPbI3 has been shown to prevent the formation of the yellow,
photoinactive phase, δ-FAPbI3, at room temperature and to hinder the phase transition to the δFAPbI3 over time230. The degradation routes over time were investigated by Charles et al. utilizing
thin films over the full compositional range in increments of x = 0.1 in dry atmospheric
conditions231.MA-rich phases decompose into MAI and PbI2, while FA-rich phases transform into
the yellow, photoinactive phase, δ-FAPbI3. Conversely, mixed cation phases demonstrate
remarkable stability as the degradation route to the endmembers is less thermodynamically
favorable. While the high photovoltaic performance and phase stabilization of this system has been
explored, these studies utilize a small number of samples to describe the entire phase diagram,
possibly missing important degradation mechanisms.
With both toluene (Figure 4-4a)) and chloroform (Figure 4-4h)) used as the antisolvent, we
observe shifting in the PL peak position as the MAPbI3 system is doped with FAPbI3, confirming
compositional tuning of the bandgap232. For FAPbI3-rich compositions, we observe a broad PL
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peak at lower wavelengths, as shown in Figure 4-4a). Along with the yellow color of the
microcrystals upon antisolvent application, we conclude that the yellow, photoinactive phase has
formed instead of the black, photoactive phase230. We observe phase stabilization as the yellow
phase begins to recede as the concentration of MAPbI3 is increased233. This stabilization is also
observed when chloroform is utilized as the antisolvent, as shown in Figure 4-4h). Based upon
this initial measurement, we learn that neither toluene nor chloroform is the appropriate antisolvent
to form the pure phase α-FAPbI3 and that the stabilization of the α-FAPbI3 phase can be
accomplished through the doping of MAPbI3, which is in agreement with previous studies233.
Next, by analyzing the time-dependent PL behavior, we conclude that this double cation
system undergoes fewer changes in the spectra over time when toluene is utilized instead of
chloroform. As mentioned previously, the FAPbI3-rich compositions likely form a solid solution
between the -FAPbI3 and -FAPbI3 phases; therefore, we expect to see a broad peak at lower
wavelengths spanning approximately 100 nm, and this is observed in the endmembers (Figure
4-4e,l)) and corresponding loading maps (Figure 4-4b,i)) regardless of the antisolvent used. When
using chloroform, this peak rapidly disappears approximately 30 minutes after synthesis, whereas
with the toluene, we see this peak begin to narrow and shift toward lower wavelengths, indicating
a continued presence of this mixed phase for a longer period. We observe a similar trend when
comparing the FAPbI3-rich and MAPbI3 solid solutions in toluene and chloroform. Even with a
slight peak shift and decrease in intensity, toluene as the antisolvent produces a consistent PL peak
for the entirety of the characterization, as shown in Figure 4-4c,f). This stabilization is consistent
with literature as it has been shown that -FAPbI3 can be achieved through small amounts of
doping with MAPbI3233. Conversely, this stabilization is temporary when chloroform is utilized,
as shown in Figure 4-4j,m). For approximately 4 hours, we observe a steady PL peak before it
begins to disappear.
This decrease in PL intensity is attributed to the perovskite reacting with the moisture in
ambient conditions, possibly causing the perovskite to decompose into PbI2 or forming a hydrate
product234. Toluene is confirmed as the better choice for the antisolvent for this system by
analyzing the time-dependent PL behavior of the MAPbI3-rich compositions. As shown in Figure
4-4d,g), these compositions demonstrate remarkable stability in ambient conditions as their peak
properties, such as width and position, remain relatively constant. We observe a slight increase in
PL intensity at the beginning, indicating possible filling of trap states235.
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Figure 4-4 Double cation lead iodide system, MAxFA1-xPbI3. a) initial PL behavior when
toluene is used as the antisolvent. b), c), and d) are the loading maps for FAPbI3-rich compositions,
solid solutions of FAPbI3 and MAPbI3, and MAPbI3-rich compositions, respectively. e), f), and g)
Characteristic PL behavior for FAPbI3-rich compositions, solid solutions of FAPbI3 and MAPbI3,
and MAPbI3-rich compositions, respectively. h) initial PL behavior when chloroform is used as
the antisolvent. Similar to NMF decomposition for the toluene data set i), j), and k) and l), m), and
o) are the loading maps and characteristic PL behavior for FAPbI3-rich compositions, solid
solutions of FAPbI3 and MAPbI3, and MAPbI3-rich compositions, respectively.
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A similar increase in intensity is observed when chloroform is used, as shown in Figure 4-4k,n).
However, after approximately 5 hours, the PL intensity decreases, indicating the formation of
hydrate products or decomposition occurring for these compositions as well.
Here, we find a broader compositional region (0  x  0.9) to not exhibit changes in PL
behavior indicating degradation. We attribute this improvement in stability to the utilization of
toluene as the antisolvent because in the study performed by Charles et al.231, no antisolvent was
used in fabrication. We explored this system further by performing the same synthesis and
characterization but utilized chlorobenzene as the antisolvent. Chlorobenzene falls into the same
category as chloroform, a halogenated antisolvent but includes an aromatic component. Other
studies have widely utilized this antisolvent to improve the device performance236, 237. Overall, as
shown in Figure 4-5, the PL behavior when chlorobenzene is used is similar to the behavior when
chloroform is utilized, indicating that this aromatic component does not drastically cause a
difference. We postulate that the differences in PL behavior between the two groups are caused by
the antisolvent’s ability in dissociating the coordinative bonds between the solvent and Pb ion. We
suggest that the presence of the halogenated ion in the antisolvent does not fully cause this
dissociation and therefore, cause complex lead halide ions, such as [PbI3]-, to remain, interact with
the air, and motivate degradation.
Next, we investigate how the choice of antisolvent affects the PL behavior of a different
mixed cation lead iodide system: MAxCs1-xPbI3. Fan et al. demonstrated how small amount of Cs
doping (<15%) can improve the stability of MAPbI3 devices as the doping allows for the
strengthening of the methylammonium cations and the [PbI6] octahedrons, limiting the diffusion
of MA and therefore stabilizing the perovskite structure238. It has also been demonstrated that MA
can also stabilize CsPbI3, prompting the formation of the photoactive phase instead of the yellow
phase239.
The PL behavior of this system before exposure to ambient conditions is notably different
depending on the antisolvent used in synthesis. When toluene is utilized, as shown in Figure 4-6a),
the photoactive phase of CsPbI3 did not form as indicated by the lack of PL peak. As more MAPbI3
is incorporated into the system, a PL peak begins to appear. Conversely, the formation of a PL
peak does not occur until the system is very MAPbI3 rich when chloroform is used as the
antisolvent, as shown in Figure 4-6h).
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Figure 4-5 Comparison of the PL behavior when toluene, chloroform, and chlorobenzene is
utilized as the antisolvent for the MAxFA1-xPbI3 system. Initial PL behavior of the system when
a) toluene, b) chloroform, and c) chlorobenzene is utilized. Time-dependent PL behavior of d-f)
MAPbI3-rich compositions, g-i) solid solutions of MAPbI3 and FAPbI3, and j-l) FAPbI3-rich
compositions for each antisolvent.
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Here, we note that understanding the formation of this system is more complicated as compared
to the MAxFA1-xPbI3 system as two solvents (DMF and GBL) were used instead of just one (GBL).
Generally, the evolution of the PL behavior during exposure to ambient conditions is
similar to the behavior observed initially. For example, when toluene is utilized as the antisolvent,
as shown in Figure 4-6b,e), CsPbI3-rich compositions (< 20% MAPbI3), we do not observe the
formation of the perovskite phase as indicated by the lack of a distinct PL peak. As the amount of
MA in the system increases, we see a distinct PL peak centered around 770 nm; however, as
exposure to ambient conditions continues, this peak rapidly disappears after approximately 2
hours, as shown in Figure 4-6c,f). In the MAxFA1-xPbI3, we observed that the MAPbI3-rich
compositions were remarkably stable when toluene is utilized; however, this stability in ambient
conditions is not observed in this system. Here, the MAPbI3-rich compositions (< 20% CsPbI3)
exhibit an initial PL peak centered around 790 nm, as shown in Figure 4-6d,g). Prolonged
exposure to ambient conditions causes the intensity of this peak to increase until it disappears after
approximately 5 hours. We postulate that this difference in stability could be caused by the
interaction of toluene, DMF, and the CsPbI3 precursors. Most likely, there was phase separation
between the photoinactive phase of CsPbI3 and a solid solution of MAPbI3 and CsPbI3. This
photoinactive phase interacts with the oxygen and moisture, initially decomposing into PbI2 and
leading to the eventual degradation of the composition. Comparably, when chloroform is used as
the antisolvent, the majority of this system does not form the perovskite phase, as shown in Figure
4-6i,k). Shown in Figure 4-6j,l), for the MAPbI3-rich compositions (< 10% CsPbI3), we observe
the formation of a distinct PL peak that initially increases in intensity, possibly caused by the
initially filling of trap states. Overall, neither antisolvent produces stable microcrystals when the
system is CsPbI3 rich. This could be possibly resolved by the usage of a different antisolvent or
using a different solvent for the CsPbI3 solution.
Next, we explore how the choice of antisolvent affects the double cation lead iodide
system, FAxCs1-x-PbI3. As shown in Figure 4-7a), a distinct PL peak does not initially form for
the majority of the system, only in the region where 0.60 < x < 0.90. We observe something similar
for the system when chloroform is utilized as the antisolvent except there is an additional region
where a distinct PL peak forms, as shown in Figure 4-7b).
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Figure 4-6 Double cation lead iodide system, MAxCs1-xPbI3. Initial PL behavior when a) toluene
and h) chloroform is used as the antisolvent. When toluene is used as the antisolvent, b), c), and
d) are the loading maps for CsPbI3-rich compositions, solid solutions of CsPbI3 and MAPbI3, and
MAPbI3-rich compositions, respectively. e), f), and g) Characteristic PL behavior for CsPbI3-rich
compositions, solid solutions of CsPbI3 and MAPbI3, and MAPbI3-rich compositions, respectively.
When chloroform is used as the antisolvent, i) and j) and k) and l) are the loading maps and
characteristic PL behavior for CsPbI3-rich compositions, solid solutions of CsPbI3 and MAPbI3,
and MAPbI3-rich compositions, respectively.
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Overall, we expect the lack in microcrystal formation because it is well established that this system
will only form a solid solution for certain compositional regions240. Chloroform appears to be the
better antisolvent for this system as there are more compositions forming the photoactive phase as
compared to toluene.
Generally, chloroform remains the better antisolvent choice as the microcrystals are
exposed to ambient conditions. As shown in Figure 4-7b,e), the majority of the system does not
form the perovskite phase and that remains the case as exposure to ambient conditions continues.
For a specific region of the phase diagram (0.60 < x < 0.90), the photoactive perovskite phase
forms; however, within approximately 1 hour in ambient conditions, the PL peak rapidly
disappears, indicating degradation, as shown in Figure 4-7c,f). For the FAPbI3-rich regions
(Figure 4-7c,f), we observe the same solid solution of -FAPbI3 and -FAPbI3 that was observed
in the MAxFA1-xPbI3 in Figure 4-4b,e). Comparatively, when chloroform is utilized as the
antisolvent, we observe better intrinsic stability for a specific compositional region not observed
when toluene is used. Like when toluene is utilized, we observe the formation of a non-perovskite
phase that remains for CsPbI3-rich regions, as shown in Figure 4-7i,l). However, solid solutions
of FAPbI3 and CsPbI3 do form the perovskite phase, indicated by a distinct PL peak, as shown in
Figure 4-7j,m). The compositions are not intrinsically stable when expose to ambient conditions
as demonstrated by the rapid disappearance of this PL peak within approximately 1 hour.
Conversely, when chloroform is used, FAPbI3-rich regions (0.60 < x < 0.92) demonstrate
remarkable stability as compared to when toluene is utilized as the antisolvent, as shown in Figure
4-7k,n). The compositions have a distinct PL peak centered around 800 nm; however, at
approximately 4 hours into the measurement period, this peak disappears. Although these
compositions degrade before the measurement period ends, this improvement in stability when
chloroform is used indicates that other methods, such as annealing or the addition of additives,
could lead to stable compositions not possible when toluene is used as the antisolvent.
Next, we explore the evolution of PL behavior of the double cation lead bromide systems:
MAxFA1-xPbBr3, MAxCs1-xPbBr3, and FAxCs1-xPbBr3. Overall, we observe the formation of the
perovskite phase for the majority of compositions regardless of the antisolvent utilized. Generally,
the intrinsic stability of these bromide systems is better than the iodide systems.
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Figure 4-7 Double cation lead iodide system, FAxCs1-xPbI3. Initial PL behavior when a) toluene
and h) chloroform is used as the antisolvent. When toluene is used as the antisolvent, b), c), and
d) are the loading maps for CsPbI3-rich compositions, solid solutions of CsPbI3 and FAPbI3, and
FAPbI3-rich compositions, respectively. e), f), and g) Characteristic PL behavior for CsPbI3-rich
compositions, solid solutions of CsPbI3 and FAPbI3, and FAPbI3-rich compositions, respectively.
When chloroform is used as the antisolvent, i), j), and k) and l), m), and n) are the loading maps
and characteristic PL behavior for CsPbI3-rich compositions, solid solutions of CsPbI3 and FAPbI3,
and FAPbI3-rich compositions, respectively.
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For the MAxFA1-xPbBr3, when toluene is used as the antisolvent, we observe high intensity
PL peaks for MAPbBr3-rich compositions and solid solutions of MAPbBr3 and FAPbBr3, as shown
in Figure 4-8a). In comparison, FAPbBr3-rich compositions have a lower intensity PL peak
evident in individual spectra. Conversely, using chloroform as the antisolvent produces high
intensity PL peaks for FAPbBr3-rich compositions and solid solutions of MAPbBr3 and FAPbBr3,
as shown in Figure 4-8h).
As the system is exposed to ambient conditions, we observe different evolutions in PL peak
depending on the antisolvent used. As mentioned previously, FAPbBr3-rich compositions have a
very low intensity PL peak as compared to the rest of the phase diagram. In the first component of
the NMF decomposition (Figure 4-8b,e)), we observe the gradual increasing of the PL intensity
as exposure to ambient conditions of the compositions continues. A high intensity PL peak remains
at the end of the measurements indicating stability in these ambient conditions. As the amount of
MA increases within the system, we observe a high intensity PL peak from the beginning of the
measurement period; however, near the end of the measurements, the intensity dramatically
decreases, indicating that these compositions experienced degradation, as shown in Figure 4-8c,f).
However, as the system becomes MAPbBr3-rich, we observe a constant, high-intensity PL peak
shown in Figure 4-8d,g). Overall, this indicates that toluene will produce stable MAPbBr3-rich
microcrystals. While we observe the same evolution of PL behavior of the FAPbBr3-rich
compositions regardless of whether toluene (Figure 4-8b,e)) or chloroform (Figure 4-8i,l)) is
used, we observe different PL behavior for the remainder of the phase diagram. For the solid
solutions of FAPbBr3 and MAPbBr3, there is a high intensity PL peak at the beginning of the
measurements, as shown in Figure 4-8j,m). As the duration of exposure to ambient conditions
increases, we see a gradual decrease in PL intensity, however, the PL intensity rapidly increases
near the end of the measurements. For the MAPbBr3-rich compositions, we observe a similar
evolution of PL behavior when toluene is utilized (Figure 4-8d,g)); however, near the end of the
characterization period, we observe the sudden decrease in PL intensity.
For the MAxCs1-xPbBr3 system, we observe different PL behavior for CsPbBr3-rich
compositions as compared to the FAPbBr3-rich regions in the MAxFA1-xPbBr3 system. A possible
explanation for the difference in behavior could be the different solvent utilized in the
MAxCsPbBr3 system, DMF and DMSO, as compared to the usage of a single solvent, DMF, in the
MAxFA1-xPbBr3.
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Figure 4-8 Double cation lead bromide system, MAxFA1-xPbBr3. Initial PL behavior when a)
toluene and h) chloroform is used as the antisolvent. When toluene is used as the antisolvent, b),
c), and d) are the loading maps for FAPbBr3-rich compositions, solid solutions of FAPbBr3 and
MAPbBr3, and MAPbBr3-rich compositions, respectively. e), f), and g) Characteristic PL behavior
for FAPbBr3-rich compositions, solid solutions of FAPbBr3 and MAPbBr3, and MAPbBr3-rich
compositions, respectively. When chloroform is used as the antisolvent, i), j) and k) and l), m),
and n) are the loading maps and characteristic PL behavior for FAPbBr3-rich compositions, solid
solutions of FAPbBr3 and MAPbBr3, and MAPbBr3-rich compositions, respectively.
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Here, when toluene is used as the antisolvent, we observe the formation of distinct PL peaks for
the entire system, as shown in Figure 4-9a).
The CsPbBr3-rich compositions do have a lower PL intensity as compared to the MAPbBr3rich compositions. Conversely, the CsPbBr3-rich compositions exhibit a higher PL intensity than
the MAPbBr3-rich compositions when chloroform is utilized, as shown in Figure 4-9h). We
postulate that this difference in PL behavior for the CsPbBr3-rich compositions could be because
of the polarity index disparity between DMSO and toluene241, leading to poor extraction of the
solvent and possibly causing the formation of secondary phases.
Next, we explore how the choice of antisolvent affects the evolution of PL behavior of the system
as it is exposed to ambient conditions. Firstly, we observe the presence of a PL peak for the
CsPbBr3-rich compositions; however, as time progresses, this PL peak disappears after
approximately 4 hours, as shown in Figure 4-9b,e). This degradation is possibly caused by the
initial formation and gradual decomposition of complex CsPbBr3-DMSO phases due to the usage
of toluene as the antisolvent. However, as more MA is introduced into the system, we observe the
gradual increase in PL intensity of the peak, as shown in Figure 4-9c,f). This improvement in
stability only continues as the system becomes more MAPbBr3 rich, as shown in Figure 4-9d,g).
Overall, this indicates that while toluene is an appropriate antisolvent choice for MAPbBr3-rich
compositions, it is not the ideal antisolvent for CsPbBr3-rich compositions when DMSO is used as
the solvent. When chloroform is utilized as the antisolvent, we observe an improvement in intrinsic
stability of the CsPbBr3-rich compositions. As shown in Figure 4-9i,l), we observe a slow increase
in PL intensity as exposure to ambient conditions continues. Conversely, for some solid solutions
of CsPbBr3 and MAPbBr3, the PL peak disappears after approximately 5.5 hours in ambient
conditions, as shown in Figure 4-9j,m). However, for MAPbBr3-rich compositions with a
significant amount of Cs, shown in Figure 4-9k,n), the PL intensity of the peak gradually increases
as time continues and remains at the end of the measurement period, indicating remarkable
stability. The inclusion of Cs appears to have improved the stability of MAPbBr3-rich
compositions when chloroform is used as compared to the MAPbBr3-rich compositions in the
MAxFA1-xPbBr3 system (Figure 4-8k,n)).
Finally, we investigate the effects of the antisolvent on the system, FAxCs1-xPbBr3. As with
the MAxCs1-xPbBr3 system, there are two solvents (DMF and DMSO) presented in synthesis.
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Figure 4-9 Double cation lead bromide system, MAxCs1-xPbBr3. Initial PL behavior when a)
toluene and h) chloroform is used as the antisolvent. When toluene is used as the antisolvent, b),
c), and d) are the loading maps for CsPbBr3-rich compositions, solid solutions of CsPbBr3 and
MAPbBr3, and MAPbBr3-rich compositions, respectively. e), f), and g) Characteristic PL behavior
for CsPbBr3-rich compositions, solid solutions of CsPbBr3 and MAPbBr3, and MAPbBr3-rich
compositions, respectively. When chloroform is used as the antisolvent, i), j) and k) and l), m),
and n) are the loading maps and characteristic PL behavior for CsPbBr3-rich compositions, solid
solutions of CsPbBr3 and MAPbBr3, and MAPbBr3-rich compositions, respectively.
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We observe similar trends in the initial PL behavior for this system when toluene is utilized as for
the MAxCs1-xPbBr3 system (Figure 4-9a)).As shown in Figure 4-10a), the intensity of the PL peak
increases as the amount of FA increases within the system. We observe a similar increase as FA
is introduced when chloroform is utilized as the antisolvent, as shown in Figure 4-10h); however,
the intensity of the PL peaks for the CsPbBr3-rich compositions is generally higher with
chloroform as the antisolvent.
As mentioned in the previous system, there is a high polarity index disparity between
DMSO and toluene; therefore, we expect and observe the same decrease in PL intensity, shown in
Figure 4-10b,e), as exposure to ambient conditions continues for the CsPbBr3-rich compositions
as in the last system when toluene is used, indicating eventual degradation. Conversely, we do not
observe the degradation of the solid solutions between CsPbBr3 and FAPbBr3 as the intensity of
the PL peak only increases as time progresses, as shown in Figure 4-10c,f). Noticeably, we see a
different PL evolution for the FAPbBr3-rich compositions than in the MAxFA1-xPbBr3 system.
Here, as shown in Figure 4-10d,g), we observe the gradual decrease in PL intensity as exposure
to ambient conditions increases. This difference in behavior is possibly caused by the addition of
DMSO into the system, affecting the stability of FAPbBr3-rich compositions. Generally, the
behavior of this system when chloroform is the opposite as to when toluene is used as the
antisolvent. For example, the CsPbBr3-rich compositions demonstrate remarkable stability in
ambient conditions as the PL peak remains consistent throughout the measurement period, as
shown in Figure 4-10i,l). As the amount of FA increases within the system, we observe an initial
high intensity PL peak that rapidly disappears after 4.5 hours, as shown in Figure 4-10j,m). The
lack of stability continues for the FAPbBr3-rich compositions as the PL peak intensity increases,
but suddenly decreases after 5 hours, as shown in Figure 4-10k,n). Overall, chloroform has proven
to be the better choice for CsPbBr3-rich compositions; however, this improvement in stability
when chloroform is used is lacking for the other lead bromide precursors.

4.5 Mixed Halide Perovskites Systems
Next, we proceed further by explore how the antisolvent affects mixed halide systems:
MAPb(BrxI1-x)3, FAPb(BrxI1-x)3, and CsPb(BrxI1-x)3.
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Figure 4-10 Double cation lead bromide system, FAxCs1-xPbBr3. Initial PL behavior when a)
toluene and h) chloroform is used as the antisolvent. When toluene is used as the antisolvent, b),
c), and d) are the loading maps for CsPbBr3-rich compositions, solid solutions of CsPbBr3 and
FAPbBr3, and FAPbBr3-rich compositions, respectively. e), f), and g) Characteristic PL behavior
for CsPbBr3-rich compositions, solid solutions of CsPbBr3 and FAPbBr3, and FAPbBr3-rich
compositions, respectively. When chloroform is used as the antisolvent, i), j) and k) and l), m),
and n) are the loading maps and characteristic PL behavior for CsPbBr3-rich compositions, solid
solutions of CsPbBr3 and FAPbBr3, and FAPbBr3-rich compositions, respectively.

126

Generally, regardless of the antisolvent utilized, we observe phase separation for solid solutions
of APbBr3 and APbI3; however, the stability of certain compositional regions is improved
depending on the antisolvent used in synthesis.
Firstly, we investigate how the choice of antisolvent affects the mixed halide perovskite
systems, MAPb(BrxI1-x)3. Shown in Figure 4-11a) is the initial PL behavior of this mixed halide
system when toluene is used. We observe a peak shift towards higher wavelengths as the
concentration of MAPbI3 increases, indicating an expected decrease in the band gap. This shift is
more apparent when chloroform (Figure 4-11h)) is used as the antisolvent as the MAPbI3-rich
compositions have a comparatively large PL intensity as compared to the same compositions when
toluene is used.
Regardless of the antisolvent used, the PL behavior of the MAPbBr3-rich compositions is
approximately the same; however, this is not the case as more MAPbI3 is introduced into the
system. For example, for the MAPbBr3-rich compositions, we observe an increase in PL intensity
without a shift in peak position for both toluene (Figure 4-11b,e)) and chloroform (Figure
4-11i,l)), indicating that these compositions remain relatively stable regardless of the antisolvent
choice. We observed this similar trend for the MAPbBr3-rich compositions in the double cation
lead bromide systems. However, the solid solutions between MAPbBr3 and MAPbI3 undergo
different dynamical processes depending on the antisolvent used during synthesis. As shown in
Figure 4-11c,f), when toluene is used, a broad peak, likely indicative of two convolved peaks, is
present initially. Eventually, this peak begins to separate into two, with one representing the
bromine-rich phase and one the mixed phase. After approximately 3 hours, both peaks disappear,
indicating complete degradation of the compositions. Simultaneously, when these same
compositions are synthesized using chloroform as the antisolvent, we observe the initial presence
of a broad, low-intensity peak, as shown in Figure 4-11j,m). Over time, this peak narrows as the
intensity of the bromine-rich phase increases and the mixed phase decreases. In both cases, we
observe halide segregation caused by reactions with the environment97, indicating that halide
segregation cannot be mitigated for these particular compositional regions using these two
antisolvents. Finally, the MAPbI3-rich compositions in this system behave similarly to the same
region of the phase diagram for the MAPbI3-rich regions in the double cation lead iodide systems,
as expected.
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Figure 4-11 Methylammonium lead double halide system, MAPb(IxBr1-x)3. a) initial PL
behavior when toluene is used as the antisolvent. b), c), and d) are the loading maps for MAPbBr3rich compositions, solid solutions of MAPbBr3 and MAPI3, and MAPbI3-rich compositions,
respectively. e), f), and g) Characteristic PL behavior for MAPbBr3-rich compositions, solution
solutions of MAPbBr3 and MAPbI3, and MAPbI3-rich compositions, respectively. h) initial PL
behavior when chloroform is used as the antisolvent. Similar to NMF decomposition for the
toluene data set i), j) and k) and l), m), and n) are the loading maps and characteristic PL behavior
for MAPbBr3-rich compositions, solution solutions of MAPbBr3 and MAPbI3, and MAPbI3-rich
compositions, respectively.
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As shown in Figure 4-11d,g), the MAPbI3-rich compositions, specifically x < 10%, demonstrate
an increase in PL intensity but remain stable for the entirety of the characterization period when
toluene is utilized. When chloroform is used (Figure 4-11k,n)), we observe an increase and
subsequent decrease in PL intensity as exposed to ambient conditions. Interestingly, we observe a
small peak extending toward lower wavelengths, indicating that halide segregation is occurring
even with a small amount of MAPbBr3 when chloroform is used.
Next, we explore the effect of antisolvents on the formamidinium lead double halide
system, FAPb(IxBr1-x)3. Generally, we observe the same initial PL behavior regardless of the
antisolvent used. Both undergo a gradual shift toward higher wavelengths as the amount of FAPbI3
is increased, as shown in both Figure 4-12a) and Figure 4-12h). A slight difference in behavior
is a small compositional region consisting of solid solutions of FAPbI3 and FAPbBr3 illustrates an
increase in PL intensity when toluene is used as compared to when chloroform is used.
When toluene is used as the antisolvent, we observe remarkable stability for both FAPbBr3rich compositions and solid solutions of FAPbBr3 and FAPbI3. As shown in Figure 4-12b,e) and
Figure 4-12ac,f), we observe a constant, high-intensity PL peak with no peak shifts for the
duration of the characterization period. However, this stability does not continue as more FAPbI3
is introduced into the system. For this region, we observe a broad peak that begins to narrow and
decrease in intensity before disappearing as exposure to ambient conditions continues, as shown
in Figure 4-12d,g). The stability observed for the FAPbBr3-rich compositions and the solid
solutions between FAPbBr3 and FAPbI3 are not observed when chloroform is used as the
antisolvent. As shown in Figure 4-12i,l), we observe a broad peak for FAPbBr3-rich compositions
that gradually decreases in intensity and shifts toward lower wavelengths as exposure to ambient
conditions continues. Likewise, for the solid solutions of FAPbBr3 and FAPbI3, we observe a broad
peak centered around 700 nm that begins to shift toward lower wavelengths and decrease in
intensity before disappearing, as shown in Figure 4-12j,m). We observe slight improvements in
stability for the FAPbI3-rich compositions as the PL peak does not shift and decreases in intensity
slower, as shown in Figure 4-12k,n). Although the PL peak disappears before the end of the
characterization period, this improvement in stability for the FAPbI3-rich compositions as small
amounts of bromide is introduced indicates that utilizing chloroform for this region might be a
possible way, along with other post-processing methods, might be a possibly strategy in producing
stable FAPb(BrxI1-x)3 (0.1 < x < 0.4) devices.
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Figure 4-12 Formamidinium lead double halide system, FAPb(IxBr1-x)3. Initial PL behavior
when a) toluene and h) chloroform is used as the antisolvent. When toluene is used as the
antisolvent, b), c), and d) are the loading maps for FAPbBr3-rich compositions, solid solutions of
FAPbBr3 and FAPbI3, and FAPbI3-rich compositions, respectively. e), f), and g) Characteristic PL
behavior for FAPbBr3-rich compositions, solid solutions of FAPbBr3 and FAPbI3, and FAPbI3rich compositions, respectively. When chloroform is used as the antisolvent, i), j) and k) and l),
m), and n) are the loading maps and characteristic PL behavior for FAPbBr3-rich compositions,
solid solutions of FAPbBr3 and FAPbI3, and FAPbI3-rich compositions, respectively.
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Finally, we investigate the effect of toluene and chloroform on the stability of the cesium
lead double halide system, CsPb(IxBr1-x)3. Here, we observe distinct PL peaks for CsPbBr3-rich
and solid solutions of CsPbBr3 and CsPbI3 (around x = 0.5) when toluene is utilized as the
antisolvent, as shown in Figure 4-13a). Conversely, distinct PL peaks are only observed for
CsPbBr3-rich compositions when chloroform is used, as shown in Figure 4-13h). Generally, both
antisolvents lead to the formation of the photoinactive phase of CsPbI3; therefore, the lack of PL
is not surprising.
Here, we examine the difference in the evolution of PL behavior depending on the
antisolvent utilized for this system. Noticeably, we observe stability for the CsPbBr3-rich
compositions when toluene is used as we observe an increase in PL intensity over time, as shown
in Figure 4-13b,e). This improvement in stability is remarkable as previously in the CsPbBr3-rich
regions of the double cation lead bromide systems, we observed that the high polarity disparity
between DMSO and toluene caused instability. We postulate that the difference in behavior is
possibly caused by the difference in solvents used for CsPbI3 (GBL) and FAPbBr3/MAPbBr3
(DMF). The addition of GBL could hinder the formation of perovskite-solvent complexes, leading
to an improvement in stability. This improvement in stability does not remain as more CsPbI3 is
introduced into the system. For solid solutions of CsPbBr3 and CsPbI3, we observe a distinct PL
peak that begins to separate into two before disappearing, as shown in Figure 4-13c,f), indicating
halide segregation before eventual degradation. Finally, the photoinactive phase of CsPbI3 forms
when toluene is used as indicated by the PL peak at low intensity wavelengths, as shown in Figure
4-13d,g). For CsPbBr3-rich compositions when chloroform is used, we observe the a distinct PL
peak centered around 540 nm that initially increasing in intensity before a gradual decrease, as
shown in Figure 4-13i,l). The decrease towards the end of the measurement period is surprising
as chloroform has proven to a decent antisolvent for CsPbBr3-rich compositions as shown in the
same regions of the double cation lead bromide systems. It is possible that the addition of the GBL
has the opposite effect here as it does when toluene is used by leading to eventual degradation. As
the amount of CsPbI3 is increased, we still observe a PL peak centered around 560 nm, as shown
in Figure 4-13j,m), indicating that some of the iodide was incorporated but still is bromide rich.
The lack of incorporation is probably caused by the formation of the photoinactive phase of CsPbI3,
limiting the fabrication of stoichiometric solid solutions.
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Figure 4-13 Cesium lead double halide system, CsPb(IxBr1-x)3. Initial PL behavior when a)
toluene and h) chloroform is used as the antisolvent. When toluene is used as the antisolvent, b),
c), and d) are the loading maps for CsPbBr3-rich compositions, solid solutions of CsPbBr3 and
CsPbI3, and CsPbI3-rich compositions, respectively. e), f), and g) Characteristic PL behavior for
CsPbBr3-rich compositions, solid solutions of CsPbBr3 and CsPbI3, and CsPbI3-rich compositions,
respectively. When chloroform is used as the antisolvent, i), j) and k) and l), m), and n) are the
loading maps and characteristic PL behavior for CsPbBr3-rich compositions, solid solutions of
CsPbBr3 and CsPbI3, and CsPbI3-rich compositions, respectively.
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Finally, as expected, the CsPbI3-rich regions produce the photoinactive phase when chloroform is
utilized too, as shown in Figure 4-13k,n).

4.6 Double Cation Lead Double Halide Systems
We proceed further by investing the effect of each antisolvent on the double cation and double
halide systems, MAxFA1-xPb(IxBr1-x)3, MAxFA1-xPb(BrxI1-x)3, MAxCs1-xPb(IxBr1-x)3, MAxCs1xPb(BrxI1-x)3,

FAxCs1-xPb(IxBr1-x)3, and FAxCs1-xPb(BrxI1-x)3. We note that, for example, the

systems, MAxFA1-xPb(IxBr1-x)3 and MAxFA1-xPb(BrxI1-x)3, produce the same final end
composition; however, we synthesize both to explore the effect of precursors and their respective
solvents on the stability of the system.
First, we explore the effect toluene and chloroform have on the stability of the system,
MAxFA1-xPb(IxBr1-x)3. Regardless of the antisolvent utilized, we observe high-intensity PL peaks
for FAPbBr3-rich regions, as shown in Figure 4-14a) and Figure 4-14h). For both antisolvents,
as more MAPbI3 is incorporated into the system, we observe the gradual decrease in the bandgap
energy. Although the intensity of the PL peaks is relatively low for the MAPbI3-rich compositions
as compared to the FAPbBr3-rich compositions, the peaks are still present in the individual spectra.
Next, we explore the stability in ambient conditions of this system depending on the
antisolvent utilized. FAPbBr3-rich compositions exhibit a high-intensity PL peak without shifting
for the majority of the measurement period, as shown in Figure 4-14b,e), indicating remarkable
stability when toluene is utilized. However, this PL behavior is not observed when chloroform is
utilized. As shown in Figure 4-14i,l), there is a peak centered at approximately 650 nm, however,
as time progresses, there is a noticeable peak shift towards lower wavelengths as the intensity
increases, indicating the decomposition into bromide- and iodide-rich regions. As the amount of
MAPbI3 increases, we observe a PL at higher wavelengths that increases in intensity without
shifting as time progresses when toluene is utilized, as shown in Figure 4-14c,f). When chloroform
is used, this region has a low-intensity PL peak approximately centered around 680 nm that
broadens, shifts, and increases in intensity as time progresses, as shown in Figure 4-14j,m). Here,
the same halide segregation is observed as in the FAPbBr3-rich regions when chloroform is
utilized. Finally, for the MAPbI3-rich regions, we observe a very broad PL peak centered at
approximately 800 nm when toluene is used, as shown in Figure 4-14d,g). The broadness of this
peak indicates there is halide segregation occurring.
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Figure 4-14 Double cation lead double halide system, MAxFA1-xPb(IxBr1-x)3. Initial PL
behavior when a) toluene and h) chloroform is used as the antisolvent. When toluene is used as
the antisolvent, b), c), and d) are the loading maps for FAPbBr3-rich compositions, solid solutions
of FAPbBr3 and MAPbI3, and MAPbI3-rich compositions, respectively. e), f), and g) Characteristic
PL behavior for FAPbBr3-rich compositions, solid solutions of FAPbBr3 and MAPbI3, and
MAPbI3-rich compositions, respectively. When chloroform is used as the antisolvent, i), j) and k)
and l), m), and n) are the loading maps and characteristic PL behavior for FAPbBr3-rich
compositions, solid solutions of FAPbBr3 and MAPbI3, and MAPbI3-rich compositions,
respectively.
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Comparatively, the PL peak for this same region when chloroform is used is narrow and increases
in PL intensity as exposed to ambient conditions, as shown in Figure 4-14k,n). Overall, toluene
mitigates the effects of halide segregation by limiting the incorporation of iodide into the
perovskite as indicated by the discrepancy in bandgaps, i.e., compositions have a higher bandgap
than expected by Vegard’s Law. However, in iodide-rich compositions, halide segregation occurs
as indicated by the broad peaks. Noticeably, at the end of the characterization period, the PL
intensity for each region remains remarkably high, indicating stability. Conversely, while
chloroform permits this incorporation of iodide into the system, producing stoichiometric
compositions, it also allows for the occurrence of halide segregation as indicated by the peak shifts.
Now, we explore the effect of the antisolvent of the same compositions but utilizing
different precursors. For example, in the previous system, the precursors were MAPbI3 and
FAPbBr3. Here, we look at the system with the precursors MAPbBr3 and FAPbI3. We expect to
see a difference in PL behavior because of the different precursor solubilities in their respective
solvents.
The initial PL behavior of the system when toluene and chloroform is used is shown in
Figure 4-15a) and Figure 4-15h), respectively. For both, we observe the shift in PL peak position
towards lower wavelengths as more MAPbBr3 is introduced into the system, as expected. When
toluene is utilized, the MAPbBr3-rich compositions have a relatively high PL intensity, while when
chloroform is used, these same compositions have a lower PL intensity. Next, we explore the effect
of the antisolvent on the evolution of PL behavior as the microcrystals are exposed to ambient
conditions. As shown in Figure 4-15b,e), FAPbI3-rich compositions with small amounts of
MAPbBr3 (x < 20%) demonstrate remarkable stability. The PL peak is centered at approximately
780 nm and has a high intensity at the beginning of the measurements. As time progresses, we
observe a slight shift towards higher wavelengths and a small decrease in intensity, however, this
intensity after the initial decrease remains constant. Small amounts MAPbBr3 has been shown to
stabilize and improve the stability of FAPbI3, but instances of halide segregation remain frequent97
as exemplified by the evolution of PL behavior of this same region when chloroform is utilized
(Figure 4-15i,l)). Here, the peak gradually shifts towards lower wavelengths as halide segregation
occurs and eventually degradation occurs as the iodide-rich regions interact with the oxygen and
moisture. Overall, this difference in PL behavior demonstrates how antisolvent engineering can
lead to improvements in intrinsic stability.
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Figure 4-15 Double cation lead double halide system, MAxFA1-xPb(BrxI1-x)3. Initial PL
behavior when a) toluene and h) chloroform is used as the antisolvent. When toluene is used as
the antisolvent, b), c), and d) are the loading maps for FAPbI3-rich compositions, solid solutions
of FAPbI3 and MAPbBr3, and MAPbBr3-rich compositions, respectively. e), f), and g)
Characteristic PL behavior for FAPbI3-rich compositions, solid solutions of FAPbI3 and
MAPbBr3, and MAPbBr3-rich compositions, respectively. When chloroform is used as the
antisolvent, i), j) and k) and l), m), and n) are the loading maps and characteristic PL behavior for
FAPbI3-rich compositions, solid solutions of FAPbI3 and MAPbBr3, and MAPbBr3-rich
compositions, respectively.
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However, as the amount of MAPbBr3 increases in the system, we do observe halide segregation
when toluene is used, as shown in Figure 4-15c,f). There is a broad peak centered around 630 nm,
indicating two convolved peaks representing bromide- and iodide-rich regions. The PL intensity
remains relatively constant throughout the measurement period, suggesting that although these
compositions experience halide segregation, they are relatively stable. This is not the case when
chloroform is utilized for the same compositional regions. As shown in Figure 4-15j,m), the PL
peak shifts towards lower wavelengths as halide segregations occurs and eventually the PL peak
disappears, indicating that this segregation caused degradation. Finally, the MAPbBr3-rich regions
are also stable when toluene is utilized as the peak intensity remains constant, and there is only a
slight shift towards higher wavelengths, as shown in Figure 4-15d,g). Again, these same regions
demonstrate a distinctly different PL behavior when chloroform is used as opposed toluene. As
shown in Figure 4-15k,n), there is a large peak shift over time, however, the intensity of the PL
increases, indicating that these bromide-rich regions are stable, but that the iodide-rich regions
decomposed during exposure to ambient conditions. Overall, toluene appears to be the better
choice for this double cation lead double halide system as the majority of the phase diagram
remains stable, even with the occurrence of halide segregation.
As we compare the two systems utilizing different precursors, the system appears to be the
most stable when toluene is used and the precursors are FAPbI3 and MAPbBr3. When the other
precursors, MAPbI3 and FAPbBr3, are used, the compositions are relatively stable, but the reported
bandgaps do not follow Vegard’s law, possibly making fabrication difficult. As well, most
photovoltaic applications require a low bandgap, and the compositions with the lowest bandgaps
of this system have a narrower peak with FAPbI3 and MAPbBr3 as compared to when MAPbI3
and FAPbBr3 is used. Generally, chloroform is not the ideal antisolvent for either system as halide
segregation and eventual degradation are prominent for most compositions.
Next, we further proceed by investigating the effect of toluene and chloroform on the
system shown in Figure 4-16. Firstly, we clearly observe that MAPbI3-rich compositions are
comparatively lower in intensity than the CsPbBr3-rich compositions when toluene is used (Figure
4-16a)), whereas this is not the case when chloroform is utilized (Figure 4-16h)) as indicated by
the high-intensity MAPbI3 peaks. However, in both cases, adherence to Vegard’s law, in which
the bandgap shifts based on compositional alloying, is upheld.
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Looking at the time-dependent PL behavior, it is apparent that toluene is a more beneficial
antisolvent for MAPbI3 and chloroform is a better antisolvent for CsPbBr3, as expected. As shown
in Figure 4-16b,e), we observe rapid degradation of the CsPbBr3-rich compositions when toluene
is used because the individual PL spectra could simply be characterized as noise, as shown in
Figure 4-17. As mentioned previously, this lack of stability when toluene is used for CsPbBr3-rich
compositions is not unexpected because of the polarity index disparity between DMSO and
toluene52. Conversely, when chloroform is utilized as the antisolvent, for these same compositions,
there is an increase in peak intensity without major peak shifts, indicating the stability of these
compositions in ambient conditions, as shown in Figure 4-16i,l). Solid solutions of MAPbI3-rich
and CsPbBr3 exhibit a brief appearance of an intense peak when toluene is used, as shown in
Figure 4-16c,f), however, after approximately 2 hours, it disappears, indicating degradation.
Noticeably, even though these compositions contain a considerable amount of iodide, we do not
observe an iodide-rich PL peak. On the contrary, when chloroform is used, we initially observe a
mixed-phase PL peak, as shown in Figure 4-16j,m); however, after approximately 2 hours, this
peak separates into two, each representing the iodide-rich and bromide-rich regions, confirming
halide segregation37. Interestingly, the MAPbI3-peak does not disappear as time increase but
begins to shift toward lower wavelengths. Finally, as stated previously, MAPbI3-rich compositions
are remarkably stable with toluene as the antisolvent, as shown in Figure 4-16d,g), whereas when
chloroform is utilized, these same compositions experience an increase in PL intensity before a
decrease, as shown in Figure 4-16k,n).
We explore the same compositions utilizing different precursors, MAPbBr3 and CsPbI3,
shown in Figure 4-18. Either toluene or chloroform produces well-defined, high-intensity peaks
for MAPbBr3-rich compositions, as shown in Figure 4-18a,h). For CsPbI3-rich compositions,
there is a broad low-intensity peak observed when toluene is used, indicating that the widebandgap polymorph -CsPbI3 formed. This formation of this phase is not dependent on the
antisolvent, as evidenced by its presence when chloroform is also used. Noticeably, Vegard’s law
is better adhered to when chloroform is utilized versus the usage of toluene.
Regarding the time-dependent evolution of the PL, we observe a variety of
dynamical process caused by either antisolvent. First, as shown in Figure 4-18b,e), we observe
the formation of a unstable polymorph, -CsPbI3, when toluene is used. Surprisingly, utilizing
chloroform produces a stable, yellow phase of -CsPbI3.
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Figure 4-16 Double cation and double halide system, MAxCs1-xPb(IxBr1-x)3. a) initial PL
behavior when toluene is used as the antisolvent. b), c), and d) are the loading maps for CsPbBr3rich compositions, solution solutions of CsPbBr3 and MAPbI3, and MAPbI3-rich compositions,
respectively. e), f), and g) Characteristic PL behavior for CsPbBr3-rich compositions, solution
solutions of CsPbBr3 and MAPbI3, and MAPbI3-rich compositions, respectively. h) initial PL
behavior when chloroform is used as the antisolvent. Similar to NMF decomposition for the
toluene data set i), j) and k) and l), m), and n) are the loading maps and characteristic PL behavior
for CsPbBr3-rich compositions, solution solutions of CsPbBr3 and MAPbI3, and MAPbI3-rich
compositions, respectively.
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The bandgap of this polymorph is roughly 2.82 eV, explaining the distinct peak at lower
wavelengths, shown in Figure 4-18l). Solid solutions between CsPbI3-rich and MAPbBr3
compositions exhibit a decreasing PL intensity without any peak shifts over the duration of the
measurement period, as shown in Figure 4-18c,f). Conversely, these same compositions begin
with a single mixed-phase PL peak before experiencing halide segregation as the peak moves
toward lower wavelength when chloroform is used, as shown in Figure 4-18j,m). Finally, we
observe similar trends, in which the peak grows in intensity over time, for the MAPbBr3-rich
compositions for both antisolvents (Figure 4-18d,g,k,n)). However, as shown in Figure 4-18k),
when chloroform is used, these compositions also include fair amounts of CsPbI3, explaining the
peak shift over time, as shown in Figure 4-18n). Full stability analysis of this system is limited by
the formation of -CsPbI3 when toluene is used; however, chloroform appears to be the more
appropriate choice to help with the formation of -CsPbI3 through alloying with MAPbBr3.
For both systems, toluene does not appear to be the appropriate choice for solid solutions
of CsPbX3-rich and MAPbX3-rich compositions. In the MAxCs1-xPb(IxBr1-x)3 system, as
mentioned previously, the polar index disparity between DMSO and toluene causes the formation
of CsPbBr3 to be stagnated, whereas toluene produces an unstable -CsPbI3 phase in the MAxCs1xPb(BrxI1-x)3.

Conversely, in both systems, chloroform initially produces mixed-phase

compositions, and, eventually, halide segregation begins to occur.
Next, we explore the PL behavior of the double cation lead double halide system, FAxCs11-xPb(IxBr1-x)3,

shown in Figure 4-19. When toluene is used an antisolvent, as shown in Figure

4-19a), only CsPbBr3-rich compositions exhibit an intense PL peak as compared to the rest of the
phase diagram. Conversely, when chloroform is utilized, more compositions exhibit high intensity
peaks, indicating that more compositions form the perovskite phase, as shown in Figure 4-19h).
Next, we explore the time-dependent PL behavior of this system for each antisolvent. As
mentioned in other system utilizing CsPbBr3 as a precursor, toluene does hinders the formation of
CsPbBr3 because of the polar index disparity; therefore, the appears of a low-intensity, broad peak
appearing late in the measurement period is expected, as shown in Figure 4-19b,e). As more
FAPbI3 is incorporated into the system, we observe the formation of photoinactive perovskite
phases, as indicated by the lack of a distinct peak in the measurement range shown in Figure
4-19c,f).
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Figure 4-17 PL spectrum of MA0.20Cs0.80Pb(I0.20Br0.80)3. Absence of a defined peak, indicating
the rapid degradation of CsPbBr3-rich compositions when toluene is used as the antisolvent.
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Figure 4-18 Double cation and double halide system, MAxCs1-xPb(BrxI1-x)3. a) initial PL
behavior when toluene is used as the antisolvent. b), c), and d) are the loading maps for CsPbI3rich compositions, solution solutions of CsPbI3 and MAPbBr3, and MAPbBr3-rich compositions,
respectively. e), f), and g) Characteristic PL behavior for CsPbI3-rich compositions, solution
solutions of CsPbI3 and MAPbBr3, and MAPbBr3-rich compositions, respectively. h) initial PL
behavior when chloroform is used as the antisolvent. Similar to NMF decomposition for the
toluene data set i), j) and k) and l), m), and n) are the loading maps and characteristic PL behavior
for CsPbI3-rich compositions, solution solutions of CsPbI3 and MAPbBr3, and MAPbBr3-rich
compositions, respectively.
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The formation of this perovskite phase is not improved for the FAPbI3-rich compositions when
toluene is used as we observe broad PL peak centered around 650 nm, indicating a mixed phase
of -FAPbI3 and -FAPbI3, as shown in Figure 4-19d,g). Conversely, we observe the formation
of the perovskite phase when chloroform is used; however, we observe dynamical processes, such
as halide segregation. For example, for solid solutions of CsPbBr3-rich and FAPbI3 compositions,
as shown in Figure 4-19i,l), we observe an initial peak centered at approximately 650 nm;
however, as exposure to ambient conditions continues, we observe the shift of this peak towards
lower wavelengths and an increase in intensity, indicating the separation into bromide- and iodiderich regions. Eventually, these iodide-rich regions decompose, leaving the bromide-rich regions.
Halide segregation continues to be observed even as the amount of FAPbI3 is increased in the
system, as shown in Figure 4-19j,m). Here, a PL peak centered at approximately 680 nm broadens
and decreases in intensity over time, indicating degradation of the perovskite. Finally, the FAPbI3 phase appears to be initially stabilized by the addition of CsPbBr3 into the system, as
demonstrated by the PL peak centered around 750 nm shown in Figure 4-19k,n); however, as time
progress, this intensity of the peak eventually disappears because of its eventual degradation.
Overall, toluene is not an appropriate solvent choice for this system, and while the compositions
produced with chloroform are not remarkably stable, they do initially form the correct perovskite
phase, so the usage of other post-processing methods could possibly improve the stability.
Finally, we explore the effect toluene and chloroform has on the same compositions
utilizing different precursors, FAPbBr3 and CsPbI3. As shown in Figure 4-20a), toluene produces
high-intensity PL peaks for FAPbBr3-rich compositions; however, the same intensity PL peaks are
not observed for solid solutions and CsPbI3-rich compositions. Conversely, we observe the
formation of distinct PL peak for the majority of the phase diagram, with the exception of CsPbI3rich regions, when chloroform is used, as shown in Figure 4-19h).
The time-dependent PL behavior of this system is drastically different depending on the
antisolvent utilized. When toluene is used, CsPbI3-rich regions (x < 0.40) exhibit a noisy PL
spectra, as shown in Figure 4-19b,e), indicating the formation of the polymorph -CsPbI3.
Conversely, some of these same compositions (0.10 < x < 0.40) form the photoactive phase when
chloroform is used, as shown in Figure 4-19i,l).
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Figure 4-19 Double cation lead double halide system, FAxCs1-xPb(IxBr1-x)3. Initial PL behavior
when a) toluene and h) chloroform is used as the antisolvent. When toluene is used as the
antisolvent, b), c), and d) are the loading maps for CsPbBr3-rich compositions, solid solutions of
CsPbBr3 and FAPbI3, and FAPbI3-rich compositions, respectively. e), f), and g) Characteristic PL
behavior for CsPbBr3-rich compositions, solid solutions of CsPbBr3 and FAPbI3, and FAPbI3-rich
compositions, respectively. When chloroform is used as the antisolvent, i), j) and k) and l), m),
and n) are the loading maps and characteristic PL behavior for CsPbBr3-rich compositions, solid
solutions of CsPbBr3 and FAPbI3, and FAPbI3-rich compositions, respectively.

144

Here, we observe a distinct peak centered at approximately 720 nm; however, at approximately 3
hours, this peak rapidly disappears, indicating degradation. However, the initial formation
indicates that other post-processing methods could improve the device stability. Next, when using
toluene (Figure 4-19c,f)), as more FAPbBr3 is incorporated into the system to form solid solutions,
we observe a PL peak centered at 600 nm that slowly shifts toward lower wavelengths as it
increases in intensity, indicating halide segregation. Eventually, this intensity of this PL peak
decreases until it is faint, indicating degradation of these compositions. We observe similar trend
when chloroform is used (Figure 4-19j,m)) for the same composition regions with a few
differences. Here, the peak is centered higher wavelengths but it relatively broad, spanning 50 nm,
indicating two peaks convolved, suggesting two phases. Eventually, the iodide-rich region
degrades as the PL peak shifts towards lower wavelengths. Finally, for the FAPbBr3-rich
compositions, an intense PL peak is produced when toluene is utilized; however, this PL peak
suddenly disappears after approximately 2 hours, as shown in Figure 4-19d,g). When chloroform
is used, these same compositions have a broad peak that shifts toward lower wavelengths as time
progresses, but the intensity of the peak remains relatively constant, indicating that the bromiderich phases of these compositions remains stable, as shown in Figure 4-19k,n). Overall,
chloroform is the better choice for the antisolvent as it produces stable compositions for a few
hours, and it is possible that this stability could be improved with the additions of other methods
for device fabrication.
Generally, chloroform leads to the formation of the perovskite phase regardless of the
precursors utilized while this is not the case for toluene. For the system utilizing CsPbBr3, this lack
of efficacy of toluene is caused by the polar index disparity, as mentioned previously, making it
not the optimal choice regardless of the other precursor.

4.7 Guide for Antisolvent Engineering
Finally, through the qualitative assessment of the NMF decompositions of each binary system, we
produce Figure 4-21a) as a guide for which antisolvent produces a more intrinsically stable
perovskite. As mentioned previously, this stability is determined by a consistent PL spectrum over
time, in which the peak intensity remains relatively constant or increases, the peak position does
not drastically shift, or a secondary peak does not appear.
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Figure 4-20 Double cation lead double halide system, FAxCs1-xPb(BrxI1-x)3. Initial PL behavior
when a) toluene and h) chloroform is used as the antisolvent. When toluene is used as the
antisolvent, b), c), and d) are the loading maps for CsPbI3-rich compositions, solid solutions of
CsPbI3 and FAPbBr3, and FAPbBr3-rich compositions, respectively. e), f), and g) Characteristic
PL behavior for CsPbI3-rich compositions, solid solutions of CsPbI3 and FAPbBr3, and FAPbBr3rich compositions, respectively. When chloroform is used as the antisolvent, i), j) and k) and l),
m), and n) are the loading maps and characteristic PL behavior for CsPbI3-rich compositions, solid
solutions of CsPbI3 and FAPbBr3, and FAPbBr3-rich compositions, respectively.
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Therefore, if the composition is stable with a particular antisolvent, it is represented with a dark
color, whereas if those changes are observed, a light color is used to indicate that it is not the ideal
antisolvent for stability. For example, toluene is considered a more appropriate antisolvent for the
solid solutions of MAPbI3 and FAPbI3, as indicated by the dark red color in the guide, because the
PL spectrum remains relatively unchanged over time, as shown in Figure 4-21b). Conversely,
when chloroform is used, we observe a decrease in intensity and shifts in peak position as time
progresses, as shown in Figure 4-21c), indicating a lack of intrinsic stability. Therefore, we utilize
a light color for this region in the guide.
We have demonstrated how antisolvent engineering affects the formation and intrinsic
stability for multicomponent MHPs as they are exposed to ambient conditions. Noticeably,
through this study, we observe the improved stability of the MAxFA1-xPbI3 system, which was
previously thought unstable, when toluene is used. Although our measurements were only on
microcrystals, we emphasize that these results can translated for other studies, as we have been
able to confirm our results by comparing them to results in the literature. For example, Liu et al.
observed a bimodal distribution of bandgap in the CsxMA1-xPbBr3 single crystals utilizing PL
measurements242. We observe a similar trend PL behavior, as shown in Figure 4-22, further
validating our results. Generally, we further illustrate how these workflows are beneficial to
efficiently determining the intrinsic stability of a composition, a crucial step in developing a
stable and efficient device for applications.
Finally, we postulate that such drastic differences in stability are caused by the
relative solubility of the precursor components in each antisolvent243. The overall effectiveness
of an antisolvent is determine by the difference between the precursor and the solvent. For
example, if the antisolvent removes the organic halides upon application along with the solvent,
residual PbX2 remains in the precursor solution, leading to further degradation as this PbX2
interacts with oxygen and moisture. As well, if the antisolvent does not fully extract the solvent,
this solvent could possibly form complex perovskite-solvent phases, which are more unstable in
ambient conditions. Overall, we highlight how we cannot simply utilize a standard recipe for the
processing of different MHPs, emphasizing the importance of antisolvent engineering in intrinsic
stability.
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Figure 4-21 Guide for which antisolvent is more applicable for each binary MHP system. a)
White or light red/blue indicate the antisolvent is not ideal for that section of the phase diagram as
the microcrystals either form different phases or exhibit poor stability. As the color darkens, this
indicates the antisolvent is an appropriate choice for the portion of the phase diagram as the correct
phase forms and remains stable for longer periods of time. b) Relatively consistent PL spectrum
when toluene is used. c) Changing PL spectrum, including a peak shift and decrease in intensity,
when chloroform is utilized.
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4.8 Summary
Through the utilization of the workflow described in Chapter 2, we have demonstrated how it can
be used to synthesize and characterize large amounts of compositions using two different
antisolvents to explore both the effect of experimental choices and dynamical processes caused by
the exposure to ambient conditions. As stated previously, we synthesized and characterized
approximately 2880 different microcrystal samples of different binary mixed cation and mixed
halide perovskite systems. Altogether the absolute synthesis and characterization times total only
1.5 weeks. We observed drastically different PL spectra evolutions in ambient conditions of the
same perovskite compositions, entirely dependent on the antisolvent utilized. We conclude which
antisolvent is the better choice for a particular compositional region based on the characteristic PL
spectrum, providing guidance for future studies to explore the exact intricacies of the intrinsic
material stability of a specific composition.
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Figure 4-22 Confirmation that these results can be observed in other forms, such as single
crystals. Demonstration of the same bimodal PL spectra shown in the publication studying a
CsxMA1-xPbBr3 system242. Utilizing photoluminescence (PL) measurements, their PL peaks
begin to shift towards higher wavelengths as Cs is incorporated into the single crystal of
MAPbBr3 at low concentrations. Then, they observe the PL peaks blue-shift towards the
CsPbBr3 peak (~535 nm) as the mixing ratio x increases to above 0.13, indicating a bimodal PL
spectrum. We observe a similar effect, in which the PL peaks start to blue-shift; however, we
observe this occurring at a slightly higher CsPbBr3 concentration, where x is roughly 0.22 instead
of 0.17. We attribute this discrepancy to the possibility that the Cs concentration of the
synthesized single crystals in this reference could be different than the ratio of the precursor
solution.
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Chapter 5 Conclusion and Outlook
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In this dissertation, the research conducted was focused on the development of a universal
workflow to explore vast compositional and design spaces, specifically focusing on the intrinsic
stability of MHPs. Here, we have demonstrated how this workflow can be utilized for multiple
material forms, such as microcrystals and quantum dots. We have also illustrated how the
incorporation of additional machine learning approaches, such as Bayesian inference, can be easily
implemented to improve the understanding of each perovskite system. Finally, we verified that
this workflow can also be utilized to explore experimental parameters, such as antisolvents, to help
accelerate the fabrication of high-efficiency devices.
Through these studies, we have proven how PL measurements can be utilized to gain
insight into the stability of perovskites. As shown in Figure 5-1, we provide a simplified flowchart
for determining the stability based on PL evolution. If there is the absence of a PL peak initially,
this indicates that the perovskite phase did not form upon application of the antisolvent. If a
perovskite phase formed, we then measure the PL over time to gain further insight into the
perovskite. If there is a stable peak position, intensity, and width throughout the measurement
period, the perovskite is deemed in stable under those conditions for the characterization time. If
the peak intensity changes but the peak position does not, this indicates degradation of the material
under the conditions. If the peak intensity remains relatively constant but the peak position
changes, this indicates possible halide segregation if the perovskite is a mixed halide perovskite.
If both the position and intensity changes, the perovskite mostly likely underwent halide
segregation and eventually degraded under the conditions.
Overall, this research performed here provides a foundation for future studies exploring
materials discovery and optimization. As demonstrated by the microcrystals studies in Chapter 2
and Error! Reference source not found., the optoelectronic properties can directly relate the same
compositions in device form, providing simple tests to determine which composition or synthesis
variable would be optimal without the need for lengthy fabrication times. As well, by
manufacturing, engineering, or purchasing specialized equipment for the micropipetting robotic
platform, other material forms, such as single crystals and thin films, can be fabricated. These
high-throughput studies in combination with advanced machine learning techniques would be able
to accelerate the optimization of single crystal growth or fabrication of high-quality thin films for
optoelectronic applications.
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Figure 5-1 Simplified flowchart for determining the stability or instability of perovskites
based on the evolution of the PL spectrum.
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